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 This study showed that enzyme treatments were effective in producing resistant starch 
from rice flour and starch. Rice starch produced higher resistant starch yields than rice flour. The 
lower resistant starch yields in rice flour could be attributed to the presence of lipids and proteins 
which were competitively binding to amylose, resulting in decreased recrystallization of amylose. 
The gelatinization type and incubation periods were not as influential as enzyme treatments in 
determining the resistant starch formation.  
The rapid visco amylograph (RVA) analysis indicated that the gelatinized samples have 
minimal pasting characteristics since they had been gelatinized prior to enzyme treatments. 
Pasting viscosity was decreased in the non-gelatinized samples if they had been treated with α-
amylase-pullulanase or α-amylase. The higher incubation temperatures in conjunction with the 
random cleaving effect of α-amylase could have caused the reduced pasting characteristics. The 
rice flour and starch pasting characteristics were similar.  
Several of the gelatinized rice flour and starch samples underwent gelatinization during 
analysis with differential scanning calorimetry (DSC). Three of the non-gelatinized rice flour 
samples, NGNS2hr and 4hr (α-amylase) and NGNS16hr (α-amylase-pullulanase) did not have 
gelatinization peaks. Amylose-lipid complexes and resistant starch were detected in most of the 
treated samples. Reheating of the samples with resistant starch peaks showed that some of the 






 Rice is one of the four major cereals consumed by the world. The highest consumption of rice is 
in Asia. As Asian cuisine gains popularity in the United States, rice consumption has also increased. It 
was estimated that the per capita consumption was 26.5 pounds in 1999. Rice consumption has increased 
by 28% in the last ten years and more than doubled in the last 20 years (USA Rice Federation, 1999). The 
highest consumption of rice is seen in the coastal states, Alaska and Hawaii. They account for up to 70% 
of rice consumption in the United States and overall consumption has shown a 3% increase in year 2003.  
In 2001-2002, the United States produced 6,949,000 metric tons of rice and consumed 3,891,000 metric 
tons (Oryza, 2003). The global production of rice in 2003/2004 is 393.7 million tons (milled basis), 3.7% 
up from the previous year (USDA Rice Outlook Report, 2003).  
Food ingredient usage of rice accounts for 22% of domestic rice sales. The use of rice as a food 
ingredient has also increased by 3.7% due to the rising popularity and availability of snacks, frozen 
dinners, rice pudding, package mixes and candy. Pet food products are now incorporating rice as an 
ingredient as well (Rice Cafe, 2003). More research on rice functionality, physical and chemical 
properties is needed in order to meet the food industry’s demand for a low-fat, hypoallergenic and 
nutritious food ingredient.  
Even though rice has only 7 to 8% of proteins, the protein quality is high and also is high in the 
essential amino acid, lysine. Most other grains are deficient in lysine. People who are allergic to wheat 
will not have problems with rice (Prepared Foods, 1993). Rice is not only virtually fat free; it is not good 
at adsorbing fat either. Kadan from the Agricultural Research Service (1996) compared fat adsorption in 
rice French fries to potato French fries and found fat adsorption to be 25 to 50% lower in rice French fries. 
Donut cakes made of wheat flour have 24 to 26% fat. By replacing wheat flour with gelatinized rice flour 
up to 50%, oil uptake by the donut cakes was reduced by up to 70% (Shih et al, 2001). 
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Broken rice kernels are sold at greatly discounted prices. Farmers sell one pound of broken rice 
kernels at 7 cents/lb while a pound of whole rice grains costs 24 cents (Agricultural Research, 1996). 
Currently broken rice kernels are mainly sold to breweries for brewing beer. Broken rice is increasingly 
milled into rice flour for adding into baby foods, cereal and chips, crackers and clear coating for French 
fries (Parlin, 1997).   
Rice is approximately 87% carbohydrates, 7 to 8% proteins and very low in fat (Prepare Foods, 
1993). Rice starch is made up amylose and amylopectin. When cooked in water, the starch molecules 
swell and absorbed the moisture between 61 to 93 °C (Jenkins et al., 1994; Thorburn et al., 1993). Pasting 
occurs when the starch granules structure swells and is disrupted, a viscous paste is formed (Fennema, 
1996). When starch is cooked and then cooled, retrogradation occurs because of amylose recrystallization 
(Eerlingen, 1994; Jane and Robyt, 1984; Rashmi and Urooj, 2003). There are three categories of starches, 
readily digestible (RDS), slowly digestible (SDS) and resistant starch (RS). Resistant starch can be further 
divided into three subgroups, RS1 which is physically inaccessible starch, RS2 which is food that is often 
eaten raw or cooked with very little water so that the granular structure is intact, and RS3 as retrograded 
amylose (Englyst et al., 1992). RS3 formation is highly dependent on amylose content, temperature, and 
gelatinization, presence of lipids, proteins and sugars, and botanical source of starch (Fennema, 1996; 
Slade and Levine, 1987; Eerlingen et al, 1994). 
The Food and Nutrition Board of the Institute of Medicine and the National Academies categorize 
fiber into two categories, dietary fiber and functional fiber. Dietary fiber is composed of non-digestible 
carbohydrates and lignin which are found naturally and intact in plants. Functional fiber is composed of 
isolated, non-digestible carbohydrates that have beneficial health effects in humans (DeVries, 2003). RS 
is considered a part of functional fiber. Dietary fiber has positive physiological effects such as laxation, 
attenuation of blood cholesterol levels, and/or attenuation of blood glucose levels. Other health benefits 
include maintaining healthy gut epithelium, gut cell differentiation and improvement of immune system 
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(Brouns et al, 2002). Dietary Recommendations for dietary fiber is 38 and 25 g/day for men and women 
of age 19-50, respectively (Institute of Medicine, 2002) 
The interest in studying RS in rice is to continue and expand the use of rice flour and starch as 
value-added food ingredients. This research was divided into three phases. Phase I was to 1) determine 
which combination of enzymes produced the highest level of RS and 2) to examine the effects of 
gelatinization type and incubation period on RS yield. The RS yield was determined using a total dietary 
fiber kit (TDF-100A, Sigma) and glucose oxidase assay kit (GAGO-20, Sigma) gollowing the method of 
McCleary (2002). 
Phase II was to 1) study the pasting characteristics of enzyme treated rice starch and flour; 2) 
compare the pasting characteristic differences in commercial resistant starch, untreated rice starch and 
flour to enzyme treated rice starch and flour. The studies were carried out on a Rapid Visco Amylograph 
(RVA) to record the pasting characteristics during heating, cooling and holding temperatures.  
In phase III, the objectives were 1) to use DSC to detect the presence of resistant starch (RS) and 
2) to study the heating profile of the enzyme treated rice flour and starch. 
The research is presented in 3 chapters. Chapter 3 describes the materials, sample preparations, 
enzyme treatments, proximate analysis and resistant starch analysis procedures. Chapter 4 describes the 
RVA analysis. Chapter 5 describes the DSC analysis. In chapter 6, the general conclusions and 







Carbohydrates are classified based on the degree of polymerization (DP), identity of constituent 
sugars, and type(s) of glycosidic linkages present. Degree of polymerization indicates the number of 
single sugar units present in the molecule or polymer; polysaccharides, oligosaccharides, di- and 
monosaccharides are the different degrees of polymerization to classify carbohydrates (National Starch 
and Chemical, 2002). According to Frazier et al (1997), the classes of dietary carbohydrate are sugars, 
short-chain carbohydrates, starch and non-starch polysaccharides (NSP). Sugars are composed of mono- 
and disaccharides, and sugar alcohols. The most basic units of carbohydrates are monosaccharides, such 
as glucose, galactose, and fructose.  
2.1.1. Monosaccharides 
Monosaccharides are the simplest units of carbohydrates. They contain chiral carbon atoms that 
have four substituents that are different and form nonsuperimposable mirror images. Monosaccharides are 
classified in terms of the number of carbon atoms, and kind of carbonyl group: aldehyde or ketone. 
Glucose is the most common simple sugar and is produced commercially from sugar cane and sugar beets. 
Galactose is an epimer of glucose; it is a component of lactose, a disaccharide found in milk. Both 
glucose and galactose have 6-carbon rings called pyranose. Fructose is also a monosaccharide, and also 
has 6 carbon atoms in its structure. However, it forms 5-carbon rings called furanose (Fennema, 1996).  
2.1.2. Oligosaccharides 
Short-chain carbohydrates include oligosaccharides and inulin. Oligosaccharides may have 2-20 
sugar units. Examples of oligosaccharides are raffinose and stachyose. They are trisaccharide and 
tetrasaccharide, respectively. Both of the two oligosaccharides are often fermented in the large bowel and 
stimulate the growth of bifidobacteria (Frazier et al, 1997). A disaccharide is also considered as an 
oligosaccharide since an oligosaccharide may have 2-20 sugar units joined by glycosidic bonds. 
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Disaccharides are the next most basic units of carbohydrates; two units of simple sugars make up a 
disaccharide, e.g. .  maltoseeglu 1cos2 →
Sugar alcohols, also known as alditols and polyhydroxy alcohols, are carbohydrate derivatives 
that contain only hydroxyl groups as functional groups e.g., sorbitol and xylitol. According to deMan 
(1999), sugar alcohols are found naturally in some fruits. Pentitols and hexitols are common sugar 
alcohols in fruits and vegetables (Washuettl et al., 1973). The food industry utilizes synthetic sugar 
alcohols such as sorbitol. Sorbitol is the most common natural sugar alcohol and is found in many 
varieties of fruits. Synthetic sugar alcohols can be produced by catalytic hydrogenation or by reduction of 
free sugars with sodium amalgam and lithium aluminum hydride (deMan, 1999).  They are often used as 
low-caloric and diabetic sweeteners. The relative sweetness to sucrose is as follow: sorbitol is 50%, 
mannitol is 65%, and xylitol is 70%. Sorbitol is available in syrup or crystal form. It is also used as a 
humectant. Mannitol is used in cough drops and candies. Xylitol is used in dry hard candies and in 
sugarless chewing gum. It produces a cool feel in the mouth due to an endothermic heat of solution 
(Fennema, 1996).  
2.1.3. Polysaccharides 
Glycogen, cellulose, lignin, pectin, gum, cyclodextrins and starch are some examples of 
polysaccharides. Polysaccharides are polymers that have more than 20 sugar units. The polymers are 
made up of different monosaccharides and linkages. In linear fractions of starch, α 1-4 glucosidic bonds 
join the glucose units. Glycogen has α 1-4 linkages in branches. Cellulose has β-glucose with β 1-4 
linkages (deMan, 1999). Digestibility of polysaccharides depends on the linkages as our bodies lack 
certain enzymes to carry out the digestion.  
2.1.4. Starch 
Starch is a polymer of glucose. Starch is made up of two polymers: amylose and amylopectin. 
The two polymers are packed into discrete particles (granules) naturally. Particle sizes range from 2-
100µm. The gelatinization temperature of starch is between 52-85°C depending on the source. The starch 
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granules are dense and insoluble in cold water. In order to dissolve the starch granules, heat has to be 
applied. At 80°C (175°F), unmodified starch granules form a paste with very high viscosity (Fennema, 
1996).  
Retrogradation of starch occurs as dissolved starch becomes less soluble and more ordered in a 
crystalline state (Fennema, 1996; Cauvain, 1999). The rate of retrogradation is dependent on molecular 
ratio of amylose to amylopectin, structures of the amylose and amylopectin molecules (source of starch), 
temperature, starch concentration, and presence and concentration of other ingredients such as surfactants 
and salts. Generally the higher the linear amylose content is, the greater the extent of retrogradation. The 
rate of retrogradation in potato starch paste increased as the temperature was reduced (Maquenne, 1903; 
Jacobson and BeMiller, 1998). Shelf-life and quality of food products can be shortened or decreased due 
to retrogradation. Bread staling, loss of viscosity and precipitation in soups and sauces are partly caused 
by starch retrogradation (Fennema, 1996).  
2.1.5. Amylose 
Amylose is a linear chain of (1 )-linked α-D-glucopyranosyl units and many amylose 
molecules have very few α-D-(1 ) branches. Amylose has a right-hand helix linear structure without 
bends. The inside of the helix is lipophilic where there are only hydrogen atoms. On the outside, there are 
hydrophilic hydroxyl groups. Alpha-D-(1 ) branches may occur once in every 180-320 units, or 0.3-





6. Most starches contain about 25% 
amylose, but some can have up to 70% amylose (Fennema, 1996). Hi-MaizeTM is a high-amylose starch, 
70%, that was developed by Penford Ingredients (Denver, Colorado). According to Aboubacar and 
Moldenhauser (2002), rice grown in Missouri had 3-18% higher amylose content and had higher 
proportion of short linear chain amylopectin than the same varieties grown in Arkansas or Texas. The 
long chain amylopectin proportions did not have the same trend, and was determined by the rice variety. 
RVA (rapid visco amylograph) analysis showed that rice grown in Missouri had lower peak (1-26%) and 
breakdown (3-43%) viscosities than the same varieties grown in Arkansas. Texas-grown rice had 6-14% 
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higher peak viscosity and 0-24% higher breakdown viscosity than Missouri-grown rice. Amylose content 
is considered the main parameter of cooking and eating quality (Juliano, 1972). According to TropRice 
(2003), the amylose content in rice ranges from 18-35%. Milled rice is classified based on amylose 
content, waxy (1-2%), non-waxy (>2%), very low (2-9%), intermediate (20-25%) and high (25-33%).  
2.1.6. Amylopectin 
Amylopectin is a highly branched polymer. Its molecular weight ranges from 107 to 5X108. This 
makes it one of the largest polymers in nature. It is present in all starches and makes up 75% of the most 
common starches. It has (  and α-D-glucopyranosyl units. The structure is double helices. 
Starches made of 100% amylopectin are called waxy starch even though there is no wax present. The 
term waxy is used to describe the vitreous or waxy surface when a kernel is cut. Potato amylopectin is 
unique because of its phosphate ester groups (60-70% of the time) at the ortho-6 position.  The other third 
of the phosphate ester groups are at the ortho-3 positions (Fennema, 1996). 
)41→ )61( →
Amylopectin is found in the highest proportion in medium, short, and waxy rice, and causes these 
types of rice to be softer and have a greater tendency to cling. Texture of cooked rice depends on 
amylopectin: amylose ratio (USA Rice Federation, 2000). 
2.1.7. Enzymes 
 The hydrolytic enzymes used on starches are classified into two types, endo- and exo-acting. 
Depending on the desired end-products, choices of enzymes vary. Amyloglucosidase (glucoamylase), an 
exo-enzyme, is commonly used in starch research and to convert starch into glucose commercially 
(Kitahara et al., 1994; Manelius, 2000). Starch could be completely converted to glucose by glucoamylase 
if the starch had been gelatinized. This conversion is similar to α-amylase where the initial solubilization 
is fast and then followed by a slower rate (Manelius, 2000). Glucoamylase cleaves successive α(1,4) and 
α(1,6)-D-glucosidic linkages from the non-reducing end to produce glucose (Allen and Spradlin, 1974). 
 Endo-acting amylases could cleave randomly at α (1, 4) linkages, or specifically at α (1,6) 
linkages. Αlpha-Amylase is an endo-enzyme that cleaves α (1, 4)-D-glucosidic linkages in starch. The end 
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products after α-amylase treatment of amylopectin are glucose, maltose, maltotriose and branched α-limit 
dextins (pentasaccharides) (Hughes et al., 1963; French et al., 1972). Pullulanase is another endo-enzyme 
and it cleaves α (1, 6) linkages. Pullulanase isolated from Klebsiella aerogenes converts linear pullulan 
(polymaltotriose) into maltotriose (Atwell, 1980; Marshall, 1974). 
Beta-amylase is an exo-enzyme that cleaves α (1,4) glucosidic linkages from the non-reducing 
end. The hydrolysis products are maltose and possibly β-limit dextrins that contain either a branch point 
of substituents such as naturally occurring phosphate groups or added substituents (Manelius, 2000).  
The experimental design was derived from several studies (Berry, 1986; Sievert and Pomeranz, 
1989; Englyst, 1992; McCleary, 2002). The primary treatment method was based on Sievert and 
Pomeranz (1989). The samples were incubated with the enzymes and then filtered and freeze-dried. 
Sievert and Pomeranz (1989) presented a method that was simpler and less tedious compared to Berry 
(1986) and Englyst (1992). The McCleary (2002) method was modified to determine the overall resistant 
starch yield after enzyme treatments. A total dietary fiber kit (TDF-100A, Sigma) was used to digest the 
sample initially. The residue from the total dietary fiber digestion was analyzed with the glucose enzymic 
assay kit to determine the resistant starch content of the sample (Berry, 1986; McCleary, 2002). Pasting 
properties were determined by rapid visco analysis, which helped to determine cooking characteristics of 
the starch.  Characterization of RS thermal properties by DSC provided information on crystallinity, heat 
resistance and melting points.  
2.1.8. Starch: Absorbability and Digestibility 
Starch may be divided into three categories based on digestibility and absorbability of the 
breakdown products - rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch 
(RS). RDS is starch that is rapidly and completely digested in the small intestine. SDS is starch that is 
slowly but completely digestible in the small intestines. RS is the sum of starch and starch degradation 
products that, on average, reach the human large intestine. In most starchy foods, starches are found in 
two, if not three categories, based on the source and type(s) of processing given (Frazier et al, 1997). RS 
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may be further divided into three subfractions that can be measured in vitro. They are physically 
inaccessible (whole grains), resistant granule (unripe banana), and retrograded amylose (processed foods). 
A fourth type of resistant starch is developed by treating it with chemicals or heating (Eerlingen, 1994).                               
Resistant starch can be formed through retrogradation. Retrogradation is the precipitation of 
starch molecules in cooled pastes and gels that contain mainly amylose. The hydrogen bonds within 
hydrated starch interact and result in physical-chemical changes; however no permanent chemical bond is 
created (Berry, 1986). Amylopectin retrogrades very slowly. The higher the amylose content is, the 
greater the retrogradation. It is also found that high amylose starch is more resistant to digestion than 
amylopectin due to its compact linear structure (Rashmi and Urooj, 2003).  Factors that determine rate of 
retrogradation are molecular ratio of amylose to amylopectin, structures of the amylose and amylopectin, 
temperature, starch concentration, presence and amount of other ingredients, e.g., sugars (Fennema, 1996).  
Retrograded amylose, also known as enzyme resistant starch type III, could be formed from 
native starch granules that have been gelatinized and retrograded afterwards (Eerlingen, 1994). 
Depending on amylose concentrations, amylose upon storage may aggregate or gel. At less than 1.5%, 
amylose solutions would aggregate and have crystalline double helices of approximately 10 nm 
interspersed in amorphous regions (Jane and Robyt, 1984). According to Mile et al (1984), amylose 
solutions with concentrations greater than 1.5 % would form amylose gels. There are two steps involved: 
phase separation so that a continuous network of polymer-rich phase forms and the second step has 
double helices formation in the polymer-rich phase and on aging these helices would aggregate to form 
three-dimensional crystalline structures. Retrograded amylose is thermally very stable. According to 
Sievert and Pomeranz (1989 and 1990) and Czuchajowska et al (1991), when 20 mg retrograded amylose 
was heated in the 40µl of water, an endotherm appeared at approximiately 150 °C with enthalpy values 
ranging from 8 – 30 mJ/mg. However, when heated to 180 °C, the resistant starch began to break down. 
During cooling, at 60 °C, an exotherm appeared to indicate reassociation of the RS chains. The enthalpy 
value was approximately -22 mJ/mg (Sievert and Würsch, 1993).                            
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Formation of resistant starch type III can be controlled in vitro. Researchers have experimented 
with different pHs, temperatures, incubation times, storage times, number of heating and cooling cycles, 
type of starch and water content. Amylose content was directly correlated to resistant starch yield (Sievert 
and Pomeranz, 1989). When 70% amylose starch was used, up to 20% yield of resistant starch could be 
obtained through autoclaving-cooling treatments. The yield could be increased to 40% if the autoclaving-
cooling cycles were up to 20. Sievert and Pomeranz (1989) found that optimum resistant starch yield was 
obtained with starch to water ratio, 1:3.5 (w/w). Each type of starch was unique, even though could be 
similar at times. When treated under certain parameters, they did not always produce the same results. 
Comparing wheat and amylomaize starch, when the autoclave temperature was raised from 100 °C to 134 
°C, resistant starch yield increased in wheat starch, but no significant change was observed in amylomaize 
starch. Autoclavation at 148 °C decreased resistant starch yield (Berry, 1986 and Sievert and Pomeranz, 
1989). The presence of lipids allows lipid-amylose complexes to form. With excess lipids present, 
resistant starch yield decreased due to increased formation of lipid-amylose complexes (Czuchajowska et 
al, 1991). Incubation at lower temperatures and extended periods of time also produced higher yields 
(Eerlingen, 1994).                                                                                                                                                                        
Resistant starch is considered as non-digestible and fermentable carbohydrates. Goodlad and 
Englyst (2001) reported that large quantities of fermentable carbohydrates may be harmful. This is 
because during fermentation, short-chain fatty acids are produced in vitro. Short-chain fatty acids are 
powerful promoters of cell differentiation. In vivo, short-chain fatty acids could stimulate cell 
proliferation and therefore increase risk for carcinogenesis. According to Alberts et al (2000), fiber may 
have no effects in preventing recurrence of colorectal adenomas. Instead, fiber may contribute to increase 
recurrence of polyps due to changes in crypt fission – a step essential to initiation and development of 
colorectal polyps (Bonithon et al, 2000 and MacCullough, 1998). According to Panlasigui et al. (1991), 
starches that are digested slowly are more likely to raise blood sugar levels slowly. They attempted to 
show that high-amylose rice were less likely to increase blood glucose levels rapidly due to the linear 
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amylose chains tightly packed into starch granules. However, they found that amylose content was not a 
dependable indicator of glycemic index. In a separate recent study (Robertson et al., 2003), resistant 
starch consumption lowered postprandial plasma glucose while insulin sensitivity increased. According to 
Kim et al. (2003), resistant starch was found to significantly lower plasma total lipid and cholesterol 
concentrations in diabetic rats. This was no different from the effects of soluble dietary fiber.  
Non-starch polysaccharides (NSP) include hemicelluloses, pectins, xanthan, lignin, cellulose, and 
gum. Lignin and cellulose are insoluble plant cell-wall materials. Gum is an example of non-starch water-
soluble polysaccharides. Pectin, xanthan and hemicelluloses are other examples of non-starch water-
soluble polysaccharides. These NSP are also called dietary fiber. In order to be termed as dietary fiber, the 
substance has to be indigestible polymers. In addition, methods used to measure dietary fiber also define 
dietary fiber. Dietary fiber is a nutritional term that is independent of its physical or chemical properties, 
even though the determination is dependent on these very two properties (Fennema, 1996).  
Dietary fiber may be water-soluble or water-insoluble. Solubility is determined using hot water. If 
fiber is soluble in hot water, fiber is considered water-soluble and vice versa (Groff and Gropper, 1999). 
The water-soluble components of dietary fiber are pectin, gum, mucilages and some hemicelluloses. One 
of the water-soluble components is β-D-glucan. It is a polysaccharide commonly found in oat and barley 
brans. Oat β-glucan is a linear chain of β-D-glucopyranosyl units that has 70%  linkages and 
approximately 30% ( linkages (Fennema, 1996). Insoluble fiber does not undergo fermentation. 
)41( →
)31→
The absorption or binding ability of dietary fiber can change the nutrient and water balances in 
our body. Based on the physical and chemical properties of the two types of dietary fiber, water soluble 
and water insoluble, absorption rates of nutrients vary. The ability of dietary fiber to bind nutrients is 





2.2. HEALTH EFFECTS AND CONCERNS 
2.2.1. Constipation and Cancer 
The water-insoluble components of dietary fiber are lignin, cellulose, and some hemicelluloses. 
These components are present in the feces since they are the remnants of enzymatic hydrolysis in the 
alimentary tract. They provide the bulk of the feces and aid in peristalsis movement of the digestive tract. 
The presence of dietary fiber in the digestive tract is beneficial because it also absorbs water to provide 
bulk which aid in peristaltic movement of the bowels. As intestinal transit time of feces decrease, chances 
of constipation lower. This directly correlates to chances of colonic cancer. It is believed that shorter 
transition time between bowel movements will decrease risk of colorectal cancer. Carcinogens are in 
contact with the intestinal walls for shorter time and thus create less damage. Short-chain butyric acids are 
also believed to cause similar damage as carcinogens to intestinal walls. Even though fiber (taken with  
plenty of fluids) is believed to aid in easing and preventing constipation, some believe that fiber actually 
increases polyp recurrence due to a study - the European Cancer Prevention Organization Intervention 
Study (Environmental Nutrition, 2000). The 500 test subjects were aged 35 – 75 and took 3.5 g of 
ispaghula husk, 2000 mg of calcium or placebo daily.  The three year study indicated that the high-fiber 
group had a significantly higher recurrence rate, 29%, in big and small polyps in all areas of the colon. 
The calcium group had only 16% recurrence rate and the placebo group had 20%. A separate study 
showed that a shortage of butyrate supply to colon cells would actually cause gut atrophy and functional 
impairments, including reduced immune responses. When butyrate supply was increased, there was 
induced growth of the gut epithelium, gut cell differentiation and improvement of immune system 
(Brouns et al., 2002). 
2.2.2. Ulcers 
According to Godbey et al (1997), dietary fiber is helpful in preventing duodenal ulcers. Harvard 
researchers found that consuming 30 g of dietary fiber daily could cut risks of developing duodenal ulcers 
by 50 percent. The results were based on a 6-year study done on 48,000 men aged 40-75. The specific 
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mechanism is unknown even though scientists explain that H. pylori is the bacteria responsible for 
ulceration.   
2.2.3. Bulking Agent 
Dietary fiber also creates a filling effect due to the bulk it provides to the digestive tract. As 
viscous gels form and fibers hydrate within the stomach, release of chyme from the stomach into the 
duodenum is delayed. This results in delayed gastric emptying. As carbohydrates and lipids remain longer 
in the stomach where no further breakdown occurs, the person experiences a filling sensation (Groff and 
Gropper, 1999). This is helpful in aiding weight loss because increased dietary fiber intake 
reduces/replaces caloric intake.  
2.2.4. Diabetes 
Additional health benefits of dietary fiber, both water-soluble and insoluble, include lowering 
postprandial serum glucose levels and insulin response. The bulking properties and viscosity of dietary 
fiber slows starch digestion, therefore the blood glucose level does not increase dramatically immediately 
after a starch-rich meal (Fennema, 1996). This can be explained through reduced enzyme functions and 
also reduced availability of substrates. When the viscous gel-forming fibers stay in the intestines, they 
inhibit enzymatic hydrolysis of nutrients. Enzymes such as intestinal peptidases are less effective in 
converting peptides into amino acids in the presence of the gel-forming fibers. Pancreatic lipases are less 
efficient in breaking down lipids. This is a theory that does not have proof by mechanism yet. The 
presence of gel-forming fibers may simply render the substrates less available and accessible for reactions. 
One study done by Chandalia et al (2000), examined the effects of high-fiber diets on glycemic control 
and also cholesterol levels. The study was conducted on adults with type 2 diabetes mellitus for 12 weeks. 
The subjects were divided into two groups, test and control. The first six weeks, the test group was given 
the high-fiber diet and control group was given a standard American Diabetic Association (ADA) diet. 
After a one-week interval during which they consumed an isocalorie diet, they switched over to the 
opposite diet. Blood lipids were analyzed 2 days before the study and daily from days 38-42 of each six 
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weeks. Plasma glucose was drawn four times daily during the baseline period and days 38-42 of each 
dietary period. Glycosylated hemoglobin was analyzed at the baseline period and at the end of the dietary 
period. On the last day of each dietary period, blood was drawn every two hours for plasma glucose and 
insulin concentration analysis. Results from Chandalia et al (2000) indicated that a high-dietary fiber diet 
was effective in reducing daily plasma glucose and plasma insulin concentration by 10-12 percent. The 
subjects, when consuming the high-fiber diet, were found to have a mean of 13 mg per dL (0.72mmol per 
L) lower than the ones consuming the ADA diet.  
2.2.5. Cholesterol 
Dietary fiber, especially water-soluble fiber, lowers blood cholesterol levels without lowering 
high-density lipoprotein (HDL) levels. There are two mechanisms involved. The first is through dietary 
fiber binding bile acids and leading to increased fecal bile acid excretion. Therefore less bile acid is 
recycled. In order to compensate for the excreted bile acid, the liver synthesizes new bile acids from 
cholesterol and thus reducing serum cholesterol level. A second mechanism for lowering serum 
cholesterol level has been proposed. Dietary fiber is believed to aid in shifting bile acid pools away from 
cholic acid to chenodeoxycholic acid. Chenodeoxycholic acid appears to be an inhibitor of 3-hydroxy-3-
methylglutaryl (HMG) CoA reductase, a regulatory enzyme necessary for cholesterol biosynthesis (Groff 
and Gropper, 1999). As HMG CoA reductase activity decreases, production of cholesterol decreases as 
well, therefore resulting in lower serum cholesterol.   
2.2.6. Dietary Recommendations 
Dietary Recommendations for dietary fiber is 38 and 25 g/day for men and women of age 19-50, 
respectively (Institute of Medicine, 2002). The American Dietetic Association, Federation of American 
Societies for Experimental Biology (FASEB) and the National Cancer Institute agreed on these 
recommendations based on data collected and research done on the general population. The alternative 
recommendation for dietary fiber is 10-13 g/1000 kcal intake. For a non-insulin dependent diabetes 
mellitus patient, the upper level of recommended intake is 40 g/day. An obese, non-insulin-dependent 
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diabetes mellitus patient is recommended to have 25 g dietary fiber/ 1000 kcal. In families with a history 
of diet-implicated cancers, they are recommended to have 35-40g/day of dietary fiber. In the 
hypercholesterolemic, up to 50g/day would be beneficial in maintaining a normal level of serum 
cholesterol (Groff and Gropper, 1999).       
 The Food Guide Pyramid recommends 3-5 servings of fruits and vegetables, and 6-11 servings of 
grains and starches in our daily diet. It is also recommended that fiber-rich legumes are incorporated in 
the diet; at least 2-3 servings per day of whole grains are consumed regularly as part of the total grains 
intake. The United States Department of Agriculture provides the public with a tabulation of nutrient 
contents of each food item. Even though the table offers accurate information on daily dietary fiber intake, 
it would be inconvenient to constantly refer to it. Therefore the USDA made a generic formula for 
calculating fiber content in fruits, vegetables, grains and cereals.  
In fruits and vegetables (excluding fruit juices), grams of DF = number of servings * 1.5g 
In refined grains, grams of DF = number of serving * 1.0g 
In whole grains, grams of DF = number of servings * 2.5g 
The rough estimate of DF intake is within 10% of the actual results obtained by looking up each 
individual food’s fiber content (Groff and Gropper, 1999). It is also recommended that dietary fiber intake 
be slowly increased so that our bodies are given time to adjust to the change. Our bodies are not capable 
of digesting fiber and while fiber is in transit in our gastrointestinal tracts, fermentation occurs. Bloating, 
cramps, and gas might occur and cause discomfort. Beans and legumes are good sources of fiber, 
however often they also cause gas to develop due to fermentation of the oligosaccharides. The problem 
can be easily alleviated over time. According to the Tufts University Health & Nutrition Letter (2002), 
our bodies are able to adapt to diet changes if given time. A study done at University of California 
examined 628 women and their fiber intake. They were instructed to consume at least 30 grams of dietary 
fiber a day for a year. The results indicated that the 175 women who consumed the most fiber - above 35 
grams/day – did not have any more problems with gas than those who consumed less fiber. These 175 
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women also reported 60% less constipation and 30% less heartburn than the other women. The Tufts 
University Health & Nutrition Letter (2002) recommended that fiber should be introduced into the diet at 
5 grams/week increments.  
Other ways of increasing fiber intake include taking fiber supplements, and also selecting high-
fiber foods. Fiber supplementation may be an option, however it is not recommended by most 
nutritionists. It is unknown whether fiber supplements are safe and the FDA had banned methylcellulose 
in 1991 as a result. Fiber supplements were advertised as weight-loss aids; claims were made saying that 
fiber would expand in the stomach and the consumer would feel full and actually eat less. Researchers are 
also skeptical about fiber supplements because research indicates that it may not be fiber that has the 
healthful benefits, but the vitamins and antioxidants that are present in high-fiber fruits and vegetable. 
Fiber supplements are virtually devoid of the vitamins and antioxidants present in fruits and vegetables 
(Papazian, 1997).  
During food preparation at home, fiber content can be ensured by minimal processing and heating. 
By minimizing processing, such as peeling the skin, or chopping and macerating fruits and vegetables, 
fiber is not discarded or broken down. Fruits like apples and pears maybe eaten with their skin. Potatoes 
do not have to be peeled but scrubbed to remove dirt. Minimal processing will retain maximum fiber 
content. When skin is removed from fruits, the fiber, vitamins and antioxidants are removed as well. It is 
important to wash fruits and vegetables thoroughly so that bacteria, dirt and residual pesticide are cleaned 
off. Heating degrades fiber structure. Therefore cook vegetables until they are tender but still firm to the 
bite – al dente (Papazian, 1997).  
2.2.7. Nutrition Label 
The Food & Drug Administration (FDA) required nutrition labeling on most foods (except meat 
and poultry) under the Nutrition Labeling and Education Act of 1990 (NLEA) and authorized the use of 
nutrient content claims and appropriate FDA-approved health claims (FDA, 1990). This allows the 
average consumer to use this information in whichever way he or she deems appropriate. Most health 
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conscious and dieting consumers are attentive to the fat and sugar content on nutrition labels. However, 
dietary fiber has not received as much attention as the former two ingredients. Consumers are encouraged 
to utilize food labels to the maximum because there is a wealth of information available. Comparing fiber 
content in one product among brands and selecting the one with the highest fiber content will help 
increase fiber intake. Learning to read food labels will enable consumers to correctly use the information, 
reduce and prevent confusion. Food labels are based on a 2000 kcal diet. The nutrients are presented in 
grams, milligrams and percentages. Food labels and packaging may occasionally carry health claims, such 
as “high in”, “rich in” or “excellent source of” fiber if the product contains 20 percent of the daily value – 
five grams per serving. “Good source” of fiber would indicate that each serving provides 2.5 grams of 
fiber.  
2.2.8. Concerns  
An individual may develop mineral and/or fluid imbalance if consuming fiber levels exceeding 
the 40-50 g/day upper limit for extended period of time. Infants, children, adolescents and pregnant 
women are particularly susceptible to mineral imbalances due to higher mineral needs. Adult men and 
non-pregnant women are least susceptible. Hemicelluloses, pectin and gums contain uronic acids that 
could form cationic bridges with minerals in the gastrointestinal tract. Lignin which has carboxyl and 
hydroxyl groups may also affect mineral absorption. The effects of fiber on mineral absorption depend on 
the fibers’ fermenting ability and accessibility to bacterial enzymes in the colon. Slow fermenting fibers 
appear to withhold minerals better and thus result in lower mineral absorption. On the contrary, rapid 
fermenting fibers (such as pectins) appear to favor mineral balance. Calcium, zinc and iron that are bound 
to fibers are released upon fermentation and then absorbed through the digestive tract, possibly in the 
colon (Groff and Gropper, 1999).  
 A further concern for overloading on dietary fiber is consuming insufficient calories and protein 
for growth and maintenance, especially in children and the elderly. Children need a large caloric intake to 
sustain their active schedules and also to supply protein essential for growth. However due to the size of 
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their stomach, it is not feasible to consume high-fiber diets as this would not provide sufficient protein 
and calories to the children. Children’s needs for protein are up to four times as much as adults. 
According to the National Academy of Sciences (1989), infants need 714 mg/kg/day of amino acids; 
children at 2 years old need 352 mg/kg/day; schoolboys from 10-12 years old need 216 mg/kg/day; and 
adults need only 84 mg/kg/day to maintain good health. There is such a great difference in requirements 
because adults have stopped growing and only require amino acids for maintenance of tissues. Children 
and infants are growing exponentially and have tremendous needs to support their growth. Foods rich in 
fiber tend not to be rich in protein. However, it is important to note that most American children are not 
obtaining sufficient dietary fiber from their high-calorie, high-sugar and high- protein diets. The 
recommendation for young children is to take their age and add five grams as a standard. However, most 
eight-year olds who are supposed to have thirteen grams of fiber are only eating ten grams (Tufts 
University Diet & Nutrition Letter, 1996). By age 18, girls are consuming only around 9 grams and boys 
13 grams, even though they should be consuming 23 grams.  
 Fiber supplements are promoted to increase fiber intake and improve bowel regularity. This 
option allows people to remain in their dietary patterns. However, this may not promise the same 
effectiveness as natural fiber obtained from a diet rich in fruits and vegetables. Most fiber supplements on 
the market are nothing more than purified fiber. It is suggested that the vitamins and antioxidants may 
actually play a more active role in preventing diseases, such as cancer and heart diseases. However in a 
study done by Furukawa et al (1995), results indicated that risks of colonic cancer in mice were lowered 
after increased fiber intake. It is preferable and recommended that dietary patterns be changed as a whole 






EFFECTS OF PULLULANASE, α-AMYLASE AND α-AMYLASE-PULLULANASE 
TREATMENT ON RESISTANT RICE STARCH FORMATION 
 
3.1. INTRODUCTION 
  Rice is made up of approximately 87% carbohydrates, 7 to 8% proteins and very low levels of fat 
(Prepared Foods, 1999). Since the commercial rice grain is polished, there is little or no fiber. Rice 
consumption in the USA has doubled in the past 20 years and rice is also gaining popularity as a food 
ingredient (USA Rice Federation, 1999). Food products such as frozen dinners, baby foods, cereals, chips 
and crackers, beer and pet foods incorporate rice (Parlin, 1997).    
 Starch is classified into three categories, readily digestible, slowly digestible and resistant starch. 
Resistant starch can be further divided into three subgroups, RS1 which is physically inaccessible starch, 
RS2 which is food that is often eaten raw or cooked with very little water so that the granular structure is 
intact, and RS3 as retrograded amylose (Englyst et al., 1992). Eerlingen (1994) characterized RS3 as 
native starch granules that have been gelatinized and retrograded afterwards. As the amylose content 
increases, starch retrogradation increases. High amylose starch was found to be more resistant to digestion 
than amylopectin due to its compact linear structure (Rashmi and Urooj, 2003). 
The dietary recommendations for fiber intake by the American Dietetic Association, Federation 
of American Societies for Experimental Biology (FASEB) are 20 to 40 g/day from whole grains, fruits 
and vegetables. Most Americans do not consume the recommended intake. Dietary fiber has been found 
to help lower cholesterol. In the hypercholesterolemic, by consuming up to 50g/day would be beneficial 
in maintaining a normal level of serum cholesterol (Groff and Gropper, 1999). By consuming 35 g 
fiber/day, chances of constipation were lower by 60% and heartburn by 30% (Tufts University Health & 
Nutrition Letter, 2002). Dietary fiber could also lower postprandial serum glucose levels and insulin 
response by slowing starch digestion (Fennema, 1996). Research showed that a shortage of butyrate 
supply to colon cells could cause gut atrophy and functional impairments, including reduced immune 
responses. When butyrate supply was increased, there was induced growth of the gut epithelium, gut cell 
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differentiation and improvement of immune system. RS is a prebiotic because it produces butyrate and 
other short-chain fatty acids when fermented in the body (Brouns et al., 2002).       
 When gelatinization occurs in the presence of excess water, RS3 formation was greatly enhanced. 
Significantly higher levels of RS had been found in cooked pasta than bread. RS3 is formed through 
retrogradation. When starch is autoclaved at 121°C, RS is formed. Repeated cycling of autoclaving, up to 
20 cycles, increased RS content from 20 to over 40%. By raising the temperature from 121 to 134°C, 
there was a decrease in RS yield (Sievert and Pomeranz, 1989). Amylose content in starch affects RS 
yield since RS is retrograded amylose. Amylose binds with lipid, proteins and other compounds present. 
Sarko and Wu (1978) postulated that amylose retrogradation and formation of amylose-lipid complexes 
were competitive. Slade and Levine (1987) reported that formation of amylose-lipid complexes was 
favored over amylose retrogradation. In a separate study, higher RS yields were produced when lipids 
were removed from starch (Russell et al, 1989). Amylose availability for retrogradation was reduced 
when lipids were present to form enzyme-digestible inclusion complexes with amylose (Eerlingen et al, 
1994). Berry (1986) had used α-amylase, amyloglucosidase and pullulanase to treat waxy and normal 
maize starches to produce RS. He found that treating amylomaize and amylopectin starches with 
pullulanase followed by heat yielded higher RS levels than heating alone. RS yields increased in 
amylomaize and amylopectin starches from 0.3 to 32.4 % and  4.2 to 41.8%, respectively.   
 The objectives of this study were to 1) determine which combination of enzymes produced the 
highest level of RS and 2) to examine the effects of gelatinization type and incubation period on RS yield.  
3.2. METHODS AND MATERIALS  
3.2.1. Materials 
Rice flour and rice starch were used in the studies. The rice flour was obtained from Riviana 
Foods Inc. (Abbeville, LA) in bulk, while rice starch was purchased from Sigma Chemical Co. (S7260 in 
kilogram quantities). CrystaLean®, a commercial resistant starch by Opta Food Ingredients (Bedford, 
Massachusetts), was used as a control.  
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3.2.2. Sample Preparations 
One hundred grams of rice starch (Sigma, S7260) or rice flour was measured into 2-L Erlenmeyer 
flasks. The flasks were filled to mark with 1400g of distilled water. Gelatinized samples: The mixture was 
heated on a hot plate to approximately 95 °C with stirring by a magnetic stir bar. Non-gelatinized samples: 
The mixture was heated to the appropriate temperatures for the respective enzyme treatments. Storage 
treatment: Samples that were gelatinized were divided into two subgroups, no 24-hr refrigeration and 24-
hr refrigeration at 3 °C. Samples that were not gelatinized were treated with enzymes immediately 
without overnight refrigeration. Samples were prepared in duplicate for each treatment. 
3.2.3. Enzyme Treatments 
Three enzyme incubation periods were tested, 2-, 4-, and 16-hr. Two enzymes were tested, 
pullulanase (Promozyme, Sigma P2986), α-amylase (Termamyl 120L, Type L, Novo Nordisk) and a 
combination of pullulanase-α-amylase combination (Figure 3.1). The gelatinized samples were cooled to 
the temperatures, which were ideal for each enzyme, 55 °C for pullulanase; 60 °C for pullulanase-
Termamyl; and 75 °C for α-amylase treatments. The gelatinized samples (GS) were stored overnight in 
the refrigerator prior to adding enzymes. Ten-ml of each enzyme was added in each respective 
combination.  When the enzyme treatments were completed, the samples were centrifuged (Model RC-5C 
from Sorvall Instruments, DuPont) at 8,500 rpm for 20 minutes at 4 °C. The residue was collected and 
frozen at –20 °C for freeze-drying. The freeze-dryer sublimator was a 20 SRC-X from Virtis Co, Inc., 
Gardiner, NY 12525. The sample weight after enzyme treatment and freeze-drying was recorded as 
freeze-dried sample weight (FDSWt). Then the samples were milled with a Cyclone Sample Mill from 
Udy Corporation, Fort Collins, CO 80524.   
3.2.4. Moisture Analysis  
Moisture analysis was measured by using a Mettler LP16 Infrared Dryer. Samples were weighed 
using a balance, PM480 Delta Range (Mettler-Toledo Incorporation, Hightstown, NJ 08520).
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100 g rice flour/starch + 1400 g distilled water 
Pullulanase(10 mL) Amylase (10 mL) 
55 °C 75 °C 
     2hr             4hr    16hr 
Rinsed 2x, frozen at -20°C, freeze-dried and milled 
α-Amylase-pullulanase (10mL each) 
60 °C 
Gelatinized 
refrigerated overnight (GS) 
Gelatinized  
no storage (GNS) 
Not gelatinized 
not stored (NGNS) 
DSC, RVA, RS and Moisture Analysis  
Figure 3.1. Flow chart of sample preparations and enzyme treatments 
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3.2.5. Resistant Starch Analysis 
The total dietary fiber (TDF) content was determined by use of total dietary fiber kit (Sigma, 
TDF-100A, St. Louis, Missouri). In the TDF analysis, α-amylase and amyloglucosidase were used to 
digest any digestible carbohydrate present. Resistant starch yield was then determined by using the 
glucose oxidase assay (McCleary, 2002). The concentration of resistant starch present was measured by 
digesting the TDF with amyloglucosidase to form free glucose, and then detecting the absorbance of free 
glucose in a spectrophotometer. Resistant starch yield was calculated based on the weight of enzyme 
treated samples (freeze-dried sample weight, FDSWt). Moisture content of the enzyme treated samples 
was taken into consideration during calculating the resistant starch yield (RS Yield). True yield (TY) 
represented the true resistant starch yield based on the dry weight of the original untreated rice starch or 
flour. The original weight of each sample was 100 g, including moisture.  
Two hundred mg of enzyme treated freeze-dried sample were weighed out into a 125 ml 
Erlenmeyer flask. Ten ml of phosphate buffer, pH 6.0 was added; α-amylase (0.02ml) (68,300 units/ml) 
was added and the sample was mixed. The flask was covered with aluminum foil and placed in a boiling 
water bath. The flask was agitated gently at 5-minute intervals. The sample was incubated for 15 minutes 
after the sample’s internal temperature reached 95 °C. Then the solution was cooled to room temperature. 
The pH was adjusted to 4.0-4.6 by adding 0.375N HCl to the solution. Amyloglucosidase (0.02ml) 
(10,863 units/ml; Sigma, A 9913) was added to the solution, the flask was covered with aluminum foil 
and then placed in a 60 °C agitator-incubator for 30 minutes after the temperature of the solution reached 
60 °C. Four volumes (10ml each) 200 proof ethyl alcohol was added to the solution to precipitate the 
starch. The solution was set overnight at room temperature to allow complete precipitation. The solution 
was rinsed with 10 ml of 200 proof ethyl alcohol followed by 10 ml of 100% acetone by centrifugation at 
1,500 rpm for 5 min. The sample was decanted and the residue was air dried at room temperature 
overnight in a hood.  
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Glucose Oxidase Assay. The air-dried sample was analyzed with the glucose oxidase assay kit 
(Sigma, GAGO-20) following the procedure of McCleary (2002). Two ml of 2M potassium hydroxide 
(KOH) was added to the entire dried sample. After 20 minutes, 8 ml of 1.2M sodium acetate (pH 3.8) was 
added, followed by 0.1ml of amyloglucosidase (6,000 units/ml; Sigma, A2986). The sample was vortexed 
to mix well and was incubated at 50 °C for 30 minutes. The sample was diluted to 100 ml and then 
centrifuged at 3,000 rpm for 10 min. The aliquot was retained. Resistant starch content was determined by 
adding 3 ml of glucose oxidase solution with o-dianisidine to 0.1 ml of aliquot. The mixture was 
incubated at 50 °C for 20 minutes and absorbance reading was recorded at 510 nm. A blank solution was 
prepared by adding 0.1 ml of 0.1M sodium acetate buffer to 3 ml of glucose oxidase solution with o-
dianisidine and incubated under the same conditions as treated samples. Crystalean, untreated rice starch 
and rice flour were also analyzed as controls. All analyses were conducted in duplicates. 
Calculations of resistant starch were done following those of McCleary (2002) as follows: 
RS Yield (%) (samples containing > 10% RS): 
 = ∆E x F x (100/0.1) x (1/1000) X (100/W) x (162/180) 
 = ∆E x (F/W) x 90 
RS Yield (%) (samples containing <10 % RS): 
 = ∆E x F x (10.3/0.1) x (1/1000) x (100/W) x (162/180) 
 = ∆E x (F/W) x 9.27 
where,  ∆E = absorbance of sample at 510 nm read against a reagent blank 
 F = conversion from absorbance to micrograms = 100 (µg glucose)/ absorbance of 100µg glucose 
W = dry weight of freeze-dried (enzyme treated) sample analyzed [= “as is” weight X (100 –    
moisture content)] 
 100/W = factor to present starch as a percentage of sample weight 
162/180 = factor to convert from free glucose, as determined, to anhydroglucose as occurs in 
starch 
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10.3/0.1 = volume correction (0.1 mL taken from 10.3 mL) for samples containing 0-10% RS 
where the incubation solution is not diluted and the final volume is 10.3 mL (McCleary, 2002). 
True Yield based on dry weight of 100 g untreated flour or starch  
            = [RS % x freeze-dried weight of enzyme-treated sample] /(dry weight of untreated flour or starch) 
With NGNS2hr-pullulanase treated rice starch as an example:  
F = 100 / [(1.348+1.382+1.322)/3]  
   = 74.07 (based on 3 replicates of the 100µg/ml glucose standard solutions) 
W = 100 % - 6.97 % 
    = 93.03 % 
RS Yield = 0.533 x [74.07/ (93.03)] x 90 
   = 38.19 % 
Dry weight of 100g of untreated rice starch = 86.94 g 
True Yield (based on dry weight of 100g of untreated rice starch) = (38.19% x 67.91 g) / 86.94g 
       = 29.83 % 
3.2.6. Statistical Analysis 
SAS (Statistical Analysis System) software (version 8.0) was used. Post-hoc multiple 
comparisons were performed using the Tukey's studentized range test to study the interactions of 
incubation periods and gelatinization type in enzyme treated rice flour and starch. The effects on RS yield  
(RSY), true yield (TY) and freeze-dried sample weight (FDSWt) were examined. Abbreviations were: GS 
for gelatinization with storage, NGNS for no gelatinization without storage, and GNS for gelatinization 
without storage; rice flour (RF) or starch (RS). The level of significance used was p≤0.05.  
3.2.7. Proximate Analysis 
 The rice starch (S 7260, Sigma) and rice flour (Riviana Foods Inc., Abbeville, Louisiana) were 
analyzed for fat, carbohydrate, protein and ash content (An, 2001). Sample moisture analysis was 
conducted in Section 3.2.4 (Table 3.2). All samples were measured in duplicate.  
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Table 3.1. Proximate analysis (% wet basis) 
 Composition (%) 
Sample Carbohydrate Fat Protein Moisture Ash Amylose 
Commercial Rice Starch 86.06 0.01 0.56 13.06 0.31 23.6a 
White Rice Flour 78.79 0.71 7.77 12.05 0.59 19.4b 
 
3.3. RESULTS AND DISCUSSION 
 
3.3.1. Effects of Pullulanase Treatment on Rice Flour 
 The RS content of the commercial control, CrystaLean®, was 57.8% (RS Yield, RSY), and 
65.7% based on freeze-dry weight (True Yield, TY) (Table 1). The untreated rice flour RSY was 1.32% 
and TY was 1.50%. For pullulanase treatment NGNS2hr (4.57% RSY, 4.21% TY), NGNS4hr (4.48% 
RSY, 4.10% TY) and NGNS16hr (3.57% RSY, 3.25% TY) were not significantly different (p >0.05) 
from each other (Table 3.2). They were significantly different from the commercial control and untreated 
rice flour (p <0.05). GNS2hr and GNS4hr had 0.95% and 1.24% TY, respectively, and were not 
significantly different from the untreated rice flour (p >0.05). GNS16hr had 9.71% TY, GS2hr had 12.7% 
TY and GS4hr had 10.59% TY. GNS16hr, GS2hr and GS4hr were significantly different from the 
commercial control and untreated rice flour, p <0.05. Their TYs were approximately one-sixth of the 
commercial control and 6 to 8 times that of the untreated rice flour (Table 3.2). GS16hr produced the 
highest RSY and TY, 17.3% and 16.8%, respectively.  
Overall comparison indicated longer incubation durations with pullulanase produced higher TY 
as seen in GS16hr and GNS16hr. GNS16hr had similar TY to GS2hr and GS4hr and suggested that 
overnight storage prior to enzyme treatments could substantially increase RS content. The extended 
duration of enzyme treatment increased TY in GNS16hr over GNS (2 and 4hr). Retrogradation could 
possibly be one of the factors that resulted in the higher TY; however, it was likely that the extended 





Table 3.2. Effects of Gelatinization/Storage and Incubation Duration on Pullulanase Treatments on Rice 
Flour RS Formation 











Control 29 ---- 57.8a 65.7a 10 100a 
Rice Flour 32 ---- 1.32f 1.50d 12.05 100a 
10 NGNS2hr 4.57e 4.21d 7.00 81.0bc 
11 NGNS4hr 4.48e 4.10d 5.97 80.5bc 
12 NGNS16hr 3.57e 3.25d 5.79 80.0bc 
13 GNS2hr 8.67d 0.95d 6.79 11.5e 
14 GNS4hr 8.67d 1.24d 9.43 12.2e 
15 GNS16hr 13.6c 9.71c 7.50 63.0d 
16 GS2hr 13.0c 12.75c 9.47 84.0b 
17 GS4hr 12.8c 10.6c 5.99 73.2c 
Pullulanase 
18 GS16hr 17.3b 16.8b 11.2 85.2b 
1RSYield = Resistant starch yield in percent calculated (McCleary, 2002) 
2True Yield = [RSYield x (freeze-dried weight of enzyme treated rice starch)] / (dry weight of untreated 
rice flour) 
3FDSWt = Sample weight after enzyme treatment followed by freeze-drying 
4Means with different letters within each column are significantly different at p≤0.05. The values are an 
average of 4 measures. 
 
NGNS treatments produced TY (3-4%) that were four times higher than that of GNS2hr and 
GNS4hr (1%) (table 1). Pullulanase was a debranching enzyme. It hydrolyzed α (1,6) bonds, especially 
when separated by at least 2 glucose residues joined by α(1,4) linkages (Manelius, 2000). The GS samples 
were 3 to 5 times higher in TY than the NGNS samples. The difference could have been caused by the 
retrogradation of amylose during overnight refrigeration. Gelatinization of samples without extended 
enzyme incubation could have resulted in lower yields as the flour was not given ample time for the 
starch molecules to crystallize and realign as RS.    
3.3.2. Effects of α-Amylase Treatment on Rice Flour 
For α-amylase treatment, the lowest TY was 0.45% from NGNS4hr and GNS16hr (Table 3.3). 
GS2hr produced the highest TY at 2.28%. All samples except GS2hr were similar to the untreated rice 
flour and each other in TY. TYs of all samples were significantly (p≤0.05) lower than the commercial 
control.   
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 GS2hr had the highest RSY at 11.64% (Table 3.4). It was similar to GS4hr in yield and was one-
fifth of the commercial control. GS16hr was similar to GNS2hr and GNS4hr in RSY but was 2% higher 
than GNS16hr. There was no clear pattern among the GNS treatments on how incubation period affected 
RSY.  
Within the GS treatments, it appeared that shorter incubation improved RSY as GS16hr had 
7.23% RSY while GS2hr and GS4hr had approximately 10%. NGNS treatments had similar RSY and TY 
over the time periods. However NGNS4hr had only 9.4g FDSWt, which was half of NGNS2hr and 
NGNS16hr, 22.5g and 23g, respectively. The incubation temperature for α-amylase treatments was 75°C. 
This was above the gelatinization temperature of rice flour. The flour was completely cooked and 
gelatinized and this may have facilitated hydrolysis of starch molecules into glucose, maltose and α-
dextrins. This in turn could have caused the low yields. 
Table 3.3. Effects of Gelatinization/Storage and Incubation Duration on α-Amylase Treatment on Rice 
Flour RS Formation 









Control 28 ---- 57.8a 65.7a 10 100a 
Rice Flour 31 ---- 1.32f 1.50bc 12.05 100a 
1 NGNS2hr 4.41e 1.26bc 9.48 22.5bc 
2 NGNS4hr 4.16e 0.45c 8.03 9.40d 
3 NGNS16hr 3.46e 0.98c 8.98 23.0b 
4 GNS2hr 6.90cd 0.82c 8.47 10.5cd 
5 GNS4hr 7.03cd 0.75c 8.54 9.35d 
6 GNS16hr 5.23de 0.45c 8.56 7.6d 
7 GS2hr 11.6b 2.28b 5.49 17.3bcd 
8 GS4hr 10.56b 1.17bc 7.48 9.80d 
α-Amylase 
9 GS16hr 7.23c 1.06c 7.52 13.0bcd 
1RSYield = Resistant starch yield in percent calculated (McCleary, 2002) 
2True Yield = [RSYield x (freeze-dried weight of enzyme treated rice starch)] / (dry weight of untreated 
rice flour) 
3FDSWt = Sample weight after enzyme treatment followed by freeze-drying 
4Means with different letters within each column are significantly different at p≤0.05. The values are an 





3.3.3. Effects of α-Amylase-Pullulanase Treatment on Rice Flour 
 
For the enzyme combination of α-amylase-pullulanase, GS16hr produced the lowest TY, 0.3%, 
while NGNS2hr and NGNS4hr produced the highest TY at 2.6% (Table 3.4). NGNS16hr, GNS (2, 4, 
16hr), and GS (4, 16hr) were not different in TY, <1% (p>0.05). GS2hr and GS4hr TY were similar to the 
untreated rice flour at 1.5% (p>0.05).  
Pullulanase was a debranching enzyme while α-amylase randomly cleaved interior α (1,4) bonds. 
The products from α-amylase hydrolysis are typically glucose, maltose and α-dextrins.  
Table 3.4. Effects of Gelatinization/Storage and Incubation Duration on α-Amylase-Pullulanase 
Treatment on Rice Flour RS Formation 









Control 30 ---- 57.77a 65.69a 10 100a 
Rice Flour 33 ---- 1.32e 1.50c 12.1 100a 
19 NGNS2hr 3.69d 2.64b 5.96 63b 
20 NGNS4hr 4.32d 2.62b 6.50 53.5c 
21 NGNS16hr 3.16d 0.32e 7.50 9f 
22 GNS2hr 5.91c 0.61de 6.53 9.225f 
23 GNS4hr 5.97c 0.57e 7.52 8.5f 
24 GNS16hr 6.10c 0.58e 7.02 8.465f 
25 GS2hr 7.80b 1.49cd 6.24 16.8d 
26 GS4hr 7.44b 0.96cde 7.30 11.45e 
α-Amylase-
Pullulanase 
27 GS16hr 5.84c 0.30e 7.19 4.65g 
1RSYield = Resistant starch yield in percent calculated (McCleary, 2002) 
2True Yield = [RSYield x (freeze-dried weight of enzyme treated rice starch)] / (dry weight of untreated 
rice flour) 
3FDSWt = Sample weight after enzyme treatment followed by freeze-drying 
4Means with different letters within each column are significantly different at p≤0.05. The values are an 
average of 4 measures. 
 
Although RSYield % increased significantly (p≤0.05) with enzyme treatment, there was no significant 
increase in TY after enzyme treatment.  It suggested that the α-amylase-pullulanase combination 
accelerated starch hydrolysis. As the pullulanase debranched the starch molecules and made the compact 
starch granules more accessible, α-amylase readily hydrolyzed the amylose and amylopectin into glucose, 
maltose and α-dextrins. This resulted in very low levels of starch remaining after enzyme treatment and 
 29
the true yield of RS being very low. Therefore α-amylase-pullulanase was not an effective combination in 
synthesizing RS in rice flour compared to α-amylase or pullulanase alone.    
 The different gelatinization types did not cause a significant increase (p>0.05) in TY; however, 
the FDSWt was significantly higher (p≤0.05) in the NGNS2hr and 4hr samples. 
3.3.4. Effects of Pullulanase Treatment on Rice Starch 
RSY and TY of untreated rice starch was about 10% of the commercial control (Table 3.5). 
Treatment with pullulanase resulted in the lowest RSY, 12.6% for GNS2hr and the highest was NGNS4hr 
at 71.5%. These percentages translated to 3.32% and 61.1% TY. NGNS4hr was not significantly different 
(p>0.05) from the commercial control. NGNS2hr and NGNS16hr were not significantly different (p>0.05) 
from the commercial control, but they were significantly lower than (p≤0.05) NGNS4hr in RSY. GNS2hr 
was significantly lower (p≤0.05) than GNS16hr in RSY. GNS16hr had slightly more than double the RSY 
of GNS2hr and the TY for GNS16hr was approximately 6 times more than GNS2hr.  
The GS treatments were not significantly different (p>0.05) from each other. As the incubation 
duration increased, the RSY and TY increased slightly. They had approximately 20-26% RSY and 15-
22% TY. Their FDSWts were between 69 and 78g. All NGNS and 16hr treatments resulted in 
significantly greater (p≤0.05) RS content than the untreated rice starch control, except for TY for 
GNS16hr. The FDSWt means were higher in the pullulanase treated samples and α-amylase and α-
amylase-pullulanase treated samples. The GNS samples had the lowest FDSWt (24.2 to 56.2 g). The GNS 
rice starch was incubated with pullulanase right after gelatinization and was not allowed to refrigerate 
overnight. 
The GS rice starch had significantly higher FDSWt (p≤0.05) than the GNS samples. This was 
likely due to the overnight refrigeration which allowed the gelatinized starch to retrograde and became 
more resistant to enzyme digestion. The NGNS rice starch was not pregelatinized and the starch granules 




Table 3.5. Effects of Gelatinization/Storage and Incubation Duration on Pullulanase Treatments on Rice 








(%) FDSWt3 (g) 
Commercial 
Control ---- 57.8ab 57.8ab 
10.0 100a 
Rice Starch ---- 5.39e 5.39ef 13.06 100a 
NGNS2hr 48.7b 41.0c 6.48 77.0b 
NGNS4hr 71.5a 61.1a 7.01 80.0b 
NGNS16hr 48.9b 43.3bc 6.51 82.5b 
GNS2hr 12.6de 3.32f 5.98 25.0d 
GNS4hr 14.7cde 3.85f 5.61 24.2d 
GNS16hr 29.6c 18.1de 4.73 56.2c 
GS2hr 19.3cde 16.1edf 7.03 78.3b 
GS4hr 20.7cde 15.6edf 4.67 69.1bc 
Pullulanase 
GS16hr 26.8cd 22.4d 7.71 78.8b 
1RSYield = Resistant starch yield in percent calculated (McCleary, 2002) 
2True Yield = [RSYield x (freeze-dried weight of enzyme treated rice starch)] / (dry weight of untreated 
rice flour) 
3FDSWt = Sample weight after enzyme treatment followed by freeze-drying 
4Means with different letters within each column are significantly different at p≤0.05. The values are an 
average of 4 measures. 
 
3.3.5. Effects of α-Amylase Treatment on Rice Starch 
For rice starch α-amylase treatment, NGNS2hr and NGNS4hr were not significantly different 
(p>0.05) from each other for RSY. GS4hr had the highest RSY at 70.8%, however the TY was only 3.4% 
due to the low FDSWt of 4.54g. NGNS2hr and NGNS4hr had similar RSY to the untreated rice starch. 
The GNS treatments had the lowest TY, 0.22%, lower than the untreated rice starch. NGNS16hr had the 
highest TY at 14.5%. 
The incubation temperature for α-amylase treatments was 75°C. This was above the gelatinization 
temperature of rice starch. Therefore the starch molecules may have been more accessible to the enzymes. 
This may have resulted in greater hydrolysis into simple sugars and lower yields.  
The effects of gelling the samples prior to enzyme treatment were significant (p≤0.05). The 
NGNS treatment yielded higher FDSWt (25 to 70 g) and TY (3.18 to 14.5 %). The GNS samples had 
about 1 g of sample left after freeze-drying and 0.2 % TY, while GS had 3.32 to 8.60 g and 2.24 to 4.37 
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% TY. Gelatinization of rice starch prior to enzyme treatment made the starch granules more accessible to 
enzyme digestion.   
The FDSWt means were higher in the GNS and GS for rice flour than rice starch (Table 3.3 and 
3.6), but the FDSWt means were not higher in the NGNS rice flour. This could have been a result of 
amylose-lipid complexes present in rice flour, which was a less significant presence in rice starch due to 
lower fat content, 0.01 % according to Table 3.1. α-amylase was able to hydrolyze amylose-lipid 
complexes at high temperatures (Holm et al, 1983) and this suggested that the lower FDSWt in NGNS 
rice flour was a result of α-amylase digesting amylose-lipid complexes present. Table 3.1 showed that 
amylose content in the rice starch (23.6 %) was significantly higher (p≤0.05) than in rice flour (19.4 %). 
Tables 3.3 and 3.6 also indicated that untreated rice starch had a greater level of resistant starch present. 
Table 3.6. Effects of Gelatinization/Storage and Incubation Duration on α-Amylase Treatments on Rice 











Control ---- 57.8b 57.8a 10.0 100a 
Rice Starch ---- 5.39e 5.39c 13.06 100a 
NGNS2hr 7.53e 5.61c 7.68 70.0b 
NGNS4hr 5.03e 3.18de 9.04 60.5c 
NGNS16hr 56.1bc 14.5b 9.89 25.0d 
GNS2hr 24.5d 0.27f 6.61 1.05h 
GNS4hr 25.2d 0.22f 5.1 0.81h 
GNS16hr 25.0d 0.25f 5.75 0.94h 
GS2hr 48.5c 4.37cd 8.00 8.60e 
GS4hr 70.8a 3.41de 7.75 4.54f 
α-Amylase 
GS16hr 67.1a 2.24e 12.3 3.32g 
1RSYield = Resistant starch yield in percent calculated (McCleary, 2002) 
2True Yield = [RSYield x (freeze-dried weight of enzyme treated rice starch)] / (dry weight of untreated 
rice flour) 
3FDSWt = Sample weight after enzyme treatment followed by freeze-drying 
4Means with different letters within each column are significantly different at p≤0.05. The values are an 







3.3.6. Effects of α-Amylase-Pullulanase Treatment on Rice Starch 
 
Based on RSY, NGNS16hr had the lowest yield at 12.51% while GS16hr had the highest at 
52.3% for rice starch treated with α-amylase-pullulanase combination (Table 3.7). However those 
treatments produced very low TY. NGNS16hr, GNS2hr, GNS4hr, GNS16hr and GS16hr had less than 2g 
(freeze-dried sample weight) remaining after enzyme treatment.  
Therefore even though GS16hr had 52.28% RSY, it had only 1.16%TY while NGNS16hr had 0.19% TY. 
After factoring in the FDSWt, NGNS4hr had the highest TY at 22.9% (Table 5). NGNS16hr, GNS (2, 4, 
16hr), and GS (4, 16hr) were significantly lower (p≤0.05) than the commercial control, untreated rice 
starch and other treatments in TY. In this enzyme combination, longer incubation duration tended to 
result in lower TY and FDSWt. 
Table 3.7. Effects of Gelatinization/Storage and Incubation Duration on α-Amylase-Pullulanase 












Control ---- 57.8a 57.8a 
10.0 100a 
Rice Starch ---- 5.39h 5.39c 13.06 100a 
NGNS2hr 37.3bcde 20.5b 8.03 52.0b 
NGNS4hr 49.7abc 22.8b 7.02 43.0c 
NGNS16hr 12.5gh 0.19d 7.52 1.45f 
GNS2hr 21.6fg 0.41d 4.80 1.75f 
GNS4hr 23.2efg 0.35d 3.83 1.40f 
GNS16hr 36.6cdef 0.60d 4.32 1.48f 
GS2hr 41.9bcd 5.19c 6.53 11.9d 
GS4hr 30.8def 1.87d 6.45 6.25e 
α-Amylase-
Pullulanase 
GS16hr 52.3ab 1.16d 6.49 1.81f 
1RSYield = Resistant starch yield in percent calculated (McCleary, 2002) 
2True Yield = [RSYield x (freeze-dried weight of enzyme treated rice starch)] / (dry weight of untreated 
rice flour) 
3FDSWt = Sample weight after enzyme treatment followed by freeze-drying 
4Means with different letters within each column are significantly different at p≤0.05. The values are an 
average of 4 measures. 
 
The gelatinized samples, GS and GNS, had significantly lower (p≤0.05) FDSWt than the NGNS 
samples, except for NGNS16hr. The NGNS samples were approximately 40 to 50 g higher in FDSWt and 
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15 to 20 % higher in TY. The GS2hr sample had the highest TY (5.19%) and FDSWt (11.9 g) among the 
GS and GNS samples; however it was not significantly different (p>0.05) from the untreated rice starch in 
TY. 
 Pullulanase was a debranching enzyme and produces oligosaccharides from starch molecules. 
The α-amylase was an endo-enzyme that cleaved α (1, 4) linkages randomly to produce glucose, maltose, 
maltotriose and branched α-limit dextins. Among the three enzyme treatments for both rice flour and 
starch, pullulanase alone produced the least breakdown in the starch. This was evident as after the enzyme 
treatments, the liquid present in the pullulanase treatment flasks was clear and odorless. The α-amylase 
and α-amylase-pullulanase treatments had brown and sweet smelling liquid left. Most of the starch 
molecules present were digested by α-amylase to produce simple sugars after the enzyme treatment, thus 
explaining the low yield after enzyme treatments. The α-amylase-pullulanase combination similarly 
produced lower yields after enzyme treatments, especially in the gelatinized samples, because pullulanase 
debranched the starch molecules and made the starch molecules even more accessible to enzymic 
digestion. Gelatinization of the rice flour and starch caused the starch granules structure to be disrupted 
and made the starch molecules more accessible to enzymes. When this was combined with the synergistic 
effects of α-amylase and pullulanase together most of the starch was digested, leaving little starch leftover 
and little resistant starch was produced. In the pullulanase treatments, the debranching enzyme cleaved 
the amylopectin branches to create linear amylose chains. These chains were allowed to realign and 
crystallize into resistant starch since α-amylase was not present to further degrade the linear chains. 
Pullulanase was also unable to further degrade the linear chains since it could only cleave α (1, 6) 
linkages where starch molecules branches were. Therefore pullulanase yielded higher amounts of resistant 






This study showed that the choice of enzymes and the combinations could affect RS formation. 
The enzyme-incubations were carried out under optimum conditions for the individual combinations, 
55°C for pullulanase, 60°C for α-amylase-pullulanase and 75°C for α-amylase. 
Pullulanase at 4hr produced the highest amount of RS among the three enzyme combinations, 
followed by α-amylase-pullulanase and then α-amylase. Rice starch had higher RS formation than rice 
flour and this was most significant as seen in the pullulanase treated samples. It is likely that the lipids 
and proteins present in the rice flour was competitively binding to amylose and decreasing amylose 
recrystallization. NGNS treatments of rice starch had 40-70% of TY while NGNS treatments of rice flour 
had only 4%TY. The highest TY in rice flour was in the GS pullulanase treatments, 10-17%. Among the 
pullulanase treatments, the longer incubation treatments produced higher TY. 
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CHAPTER 4  





Starch is insoluble in cold water and can imbibe water reversibly. When heated in water, starch 
can undergo gelatinization where starch granules swell. Gelatinization is irreversible if the starch granules 
are disrupted so that there is excess starch granule swelling and loss of birefringence and crystallinity 
(Fennema, 1996). Gelatinization is a process that occurs over a temperature range, unless only one starch 
granule is considered, otherwise a 10 to 15°C range is normal. The gelatinization temperature range for 
waxy and normal rice with 50% starch is 61-93°C. Waxy and normal rice with 20% amylose gelatinize 
between 60 and 78°C (Jenkins et al., 1994; Thorburn et al., 1987). Gelatinization is affected by a number 
of factors such as temperature, starch: water ratio, granule type, method of measurement, heterogeneities 
within the granule population of a sample and botanical source of starch (Fennema, 1996; Eliasson and 
Gudmundsson, 1996; Ming et al., 1997). Gelatinization temperatures can be measured by differential 
scanning calorimetry (DSC) (Eliasson and Gudmundsson, 1996; Fennema, 1996).     
 When starch is heated past gelatinization in excess water so that the starch granules swell and 
become totally disrupted, a viscous mass (paste) is formed. This process is called pasting.  The RVA 
measures the pasting characteristics of starch during processing and use in rapid visco units (RVU) 
(Deffenbaugh and Walker, 1989; Liang, 2002). RVA is unable to measure gelatinization onset because 
the starch granules are gelatinized before viscosity begins to increase and be detected (Liang, 2002). The 
pasting temperature (PT) is the temperature at which viscosity of a sample begins to increase. A lower PT 
indicates faster swelling. Peak viscosity (PV) measures the extent of swelling. It is essential to cook starch 
through PV so that the starch paste is usable. Time to peak (TP) is the time required to cook the starch. 
Breakdown (BKD) viscosity is the drop in viscosity from maximum value (PV) to minimum value (MV). 
BKD indicates the stability of the paste during cooking and stability of the cooked paste is shown by final 
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viscosity (FV) at 50°C. Total setback (TSB) is the viscosity increase when cooled to 50°C. TSB is also an 
indicator of extent of retrogradation of starch (Liang, 2002, Liang, 2003). 
 According to Sasaki et al. (2000), F1 seeds (7.2-7.7% amylose, waxy-non-waxy; 13.5-15.3% 
amylose, non-waxy, waxy) were derived from crossbreeding Wx-A1, Wx-B1 and Wx-D1 protein-
deficient cultivars and Wx-A1 and Wx-B1 protein deficient cultivars. Both F1 seeds had higher peak 
viscosity than nonwaxy wheat starch and this was consistent with the idea that starch with lower amylose 
content had higher peak viscosity. Increased swelling was observed in starch with reduced amylose 
content. In increased swelling, more water is absorbed so that less free water was available, therefore 
resulting in higher pasting viscosity (Ming et al., 1997). Hermansson et al. (1996) reported that amylose 
suppresses swelling and maintains the integrity of swollen starch granules. Starch swelling is mainly 
attributed by amylopectin. Waxy starch could swell rapidly but the swollen granules disintegrated at 
lower temperatures indicating low paste viscosity stability (Tester and Morrison, 1990). 
The pasting characteristics of rice are measured by RVA. Data on peak, minimum, final, 
breakdown, setback, and total setback viscosities, pasting temperature and time to peak are collected. This 
information would be useful in determining the usage of rice in food products as ingredients. RVA has 
been used to investigate the pasting effects of lipids and amino acids on rice starch and flour (Liang and 
King, 2003; Liang et al., 2002).  
The objectives of this study were to 1) study the pasting characteristics of enzyme treated rice 
starch and flour; 2) compare the pasting characteristic differences in commercial resistant starch, 
untreated rice starch and flour to enzyme treated rice starch and flour.  
4.2. METHODS AND MATERIALS 
 
4.2.1. Sample Preparations and Enzyme Treatments 
For details of sample preparations and enzyme treatments, refer to Chapter 3.  
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4.2.2. RVA Analysis 
The freeze-dried samples were analyzed by a rapid visco analyzer (Newport Scientific, Foss Food 
Technology, Eden Prairie, MN). Apparent viscosity of samples were measured and recorded in terms of 
temperature, and time. Procedures for sample preparation were from the RVA Rice Method (1997). The 
amount of sample and water to be used in the RVA analysis was calculated using formulas: 
S = (88*3.0)/100-M  
W = 25 + (3.0-S)  
Where, S= corrected sample mass (g) 
W= corrected water volume (mL) 
M= actual moisture content of the sample (% as it is) 
The corrected sample mass and water volume were added in a canister. The paddle was placed in 
the canister and vigorously jogged up and down 10 times. The canister with the paddle was inserted into 
the rapid visco analyzer (Newport Scientific, Foss Food Technology, Eden Prairie, MN) instrument. The 
measurement cycle was initiated by lowering the motor tower of the instrument into position. At time = 0 
to10 sec, the temperature was 50°C and spindle speed was 960 rpm. From time = 10 sec to 1 min, the 
spindle speed decreased to 160 rpm and temperature was constant at 50°C. From time = 1 to 4:48min, the 
temperature increased linearly from 50 to 95°C. From time = 4:48 to 7:18 min, the temperature was held 
at 95°C.From time = 7:18 to 11:06min, the temperature decreased linearly from 95 to 50°C. The 
temperature remained at 50°C from 11:06 to 12:30 min and the test ended at 12:30 min. The time between 
readings was 4sec. The idle temperature of the RVA was 50 ± 1°C. The sample analyses were duplicated.  
Peak viscosity (PV), minimum viscosity (MV), final viscosity (FV), pasting temperature (PT), and time to 
peak (TP) were recorded in RVU. The set back (SBK), total set back (TSB) and breakdown (BKD) were 
computed by the formulas: SBK = FV – PV; TSB = FV – MV; BKD = PV – MV.  
4.2.3. Statistical Analysis 
SAS (Statistical Analysis System) software (version 8.0) was used. Post-hoc multiple 
comparisons were performed using the Tukey's studentized range test to study the interaction of 
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incubation and gelatinization type in enzyme treated rice starch and flour. The enzyme treatments were α-
amylase (T), pullulanase (P), α-amylase-pullulanase (PT). Incubation periods were 2, 4, 16 hours. 
Abbreviations were GS for gelatinization with storage, NGNS for no gelatinization without storage was 
NGNS, and GNS for gelatinization without storage; rice flour (RF) or starch (RS). The level of 
significance used was p≤0.05.  
4.3. RESULTS AND DISCUSSION 
4.3.1. Effects of Pullulanase Treatment on Rice Flour 
For the pullulanase treated samples, NGNS (2, 4, 16hr) treatments were significantly different 
(p≤0.05) from the commercial control in PV, MV, BKD, FV, SBK, TSB and TP (Table 4.1, Figure 4.1 
and 4.2). The control was a commercial resistant starch, CrystaLean®. CrystaLean® had been pretreated 
with heat and therefore when analyzed with RVA, there was no pasting characteristics. The control had 
5.75 RVU (PV), 4.42RVU (MV), and 4.92 RVU (FV). The NGNS samples were treated with pullulanase 
at 55°C. The gelatinization temperature of rice flour was between 70-92°C, therefore during the enzyme 
treatment, the NGNS-treated samples did not undergo gelatinization. The GNS and GS-treated samples 
(Figure 4.3 and 4.4) had been cooked before enzyme-incubation. They were significantly lower in 
viscosity (p≤0.05) than the NGNS-treated samples and the untreated rice flour. The GNS and GS-treated 
samples did not have any pasting qualities after their enzyme treatments as they had been completely 
gelatinized.  
NGNS (2, 4, 16hr) had no significant difference (p>0.05) in PV and MV from the untreated rice 
flour. NGNS2hr had similar breakdown as the untreated rice flour. However, NGNS4hr had 30 RVU 
more in breakdown than the untreated rice flour. NGNS16hr had the highest breakdown among the 
NGNS treatments, 50 RVU higher than untreated rice flour (Table 4.1). According to Liang (2002), the 
greater the BKD, the less stable the starch is during cooking. Among the three gelatinization types, 
NGNS16hr had the lowest cooking stability. It was likely that the 4hr and 16hr incubations had 
debranched more starch molecules and reduced their stability in heat. However upon cooling, the
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Table 4.1. Effects of Gelatinization/Storage and Incubation Duration on Pasting Characteristics of Pullulanase Treated Rice Flour 1, 2, 3 
         Sample Treatment PV MV BKD FV SBK TSB TP PT 
Control          ---- 5.75b 4.42b ND 4.92b ND ND 2.2811d ND
Rice Flour ---- 235.83a 154.63a 81.21c 377.21a     141a 222.58a 5.4913abc 86.5a
NGNS2hr         227.50a 135.06a 92.44c 318.63a 91.1ab 183.56a 5.9312abc 86.7a
NGNS4hr         247.54a 135.77a 111.77b 303.6a 56.1ab 167.83a 5.9151abc 83.63b
NGNS16hr         223.63a 92.04a 131.58a 223.02a -0.60b 130.98a 5.7031abc 83.81b
GNS2hr         6.35b 4.29b 1.88d 4.81b ND ND 3.7061cd ND
GNS4hr         4.9b 3.63b 1.10d 4.4b ND ND 3.9263bcd ND
GNS16hr         6.83b 5.29b 1.63d 8.73b 1.90b 3.44b 6.4278a ND
GS2hr         7.64b 6.75b 0.89d 9.64b 2.00b 2.89b 5.8659abc ND
GS4hr         8.71b 7.58b 1.13d 11.21b 2.5b 3.62b 5.8168abc ND
Pullulanase 
GS16hr         6.75b 5.33b 1.5d 7.42b ND 2.08b 6.2895ab ND
1PV = Peak Viscosity; MV = Minimum Viscosity; BKD = Break down; FV = Final Viscosity; SBK = Set back; TSB = Total Set Back; TP = 
Time to Peak; PT = Pasting Temperature 
2Units: Viscosity (RVU); Temperature (°C); Time (min) 
3Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
ND = non-detectable 
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Figure 4.2. Effects of Pullulanase on NGNS Rice Flour Pasting Properties
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Figure 4.3. Effects of Pullulanase on GNS Rice Flour Pasting Properties 
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Figure 4.4. Effects of Pullulanase on GS Rice Flour Pasting Properties
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FV for NGNS2hr and NGNS4hr increased by 100 and 56 RVU, respectively, and exceeded their 
PV. NGNS16hr had a FV that was almost identical to its PV, 233 RVU (Table 4.1). There was no 
difference (p>0.05) in SBK, TSB, FV, and TP between the NGNS samples and the untreated rice 
flour. The TSB values suggested that the NGNS samples had less potential for retrogradation than 
untreated rice flour. The TSB for NGNS ranged from 40-90 RVU lower than the untreated rice 
flour.   
The GNS and GS samples had no significant difference from the commercial control 
(p>0.05) in all pasting parameters except TP (Table 4.1, Figure 4.1, 4.3, 4.4). There was no 
pasting observed in these samples and the commercial control. The reason why PT was not 
detected was because GNS and GS samples had been gelatinized prior to enzyme treatment. They 
were cooked at 95°C. The BKD, SBK and TSB values were low as there was little or no increase 
in viscosity during the RVA test. 
 The PT for NGNS4hr and NGNS16hr was at 83.6 °C while the PT for untreated rice flour 
and NGNS2hr was 86 °C. The NGNS samples took slightly less than 6 min to cook, just like the 
untreated rice flour. The GNS and GS samples were reported to cook at 3.7 to 6.3 min; however 
when referring to the RVA thermograms, there was no indication of a pasting peak and therefore 
there was no PT (Table 4.1). 
 Each of the three gelatinization types had three different incubation times. The samples of 
each gelatinization type did not have significantly different pasting characteristics due to different 
enzyme incubation times (p>0.05) (Table 4.1). On the other hand, gelatinization type appeared to 
have a greater effect on the pasting characteristics.        
4.3.2. Effects of α-Amylase Treatment on Rice Flour 
There was no pasting in all the treatments as during sample preparation, the samples were 
incubated at 75°C with α-amylase and the flour had been already gelatinized (Table 4.2). There 
were no significant differences (p > 0.05) in the PV, MV, BKD, FV, SBK, TSB, and TP among 
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the NGNS, GNS, and GS treatments (Figure 4.1, 4.5, 4.6 and 4.7) and the commercial control. 
The NGNS samples also had no pasting qualities due to the high temperature used, 75°C, during 
enzyme incubation.  
The NGNS2hr and 16hr samples had a pasting peak at 4.4 min with PV of 7.56 and 8.61 
RVU. The BKD were 4.61 and 5.06 RVU, respectively. There was some breadown in viscosity 
during the cooking process in these two samples. For NGNS4hr, there was no increase in 
viscosity at all during cooking. It is unclear why the NGNS2hr and 16hr treatments, one shorter 
and one longer than NGNS4hr had small pasting peaks, when NGNS4hr did not. It is certain 
though that each enzyme combination had a different effect on the rice flour. The NGNS 
treatments that used α-amylase, alone or in combination with pullulanase, had minimal pasting 
characteristics. It is possible that the temperature had an effect (α-amylase at 75°C, α-amylase-
pullulanase at 60°C and pullulanase at 50°C), however it is important to consider the function of 
the individual enzymes. α-amylase cleaved α (1,4) bonds randomly to glucose, maltose, 
maltotriose and branched α-limit dextins (pentasaccharides) (Hughes et al., 1963; French et al., 
1972) while pullulanase cleaved selective α (1, 6) bonds and linear starch molecules remain 
(Atwell, 1980; Marshall, 1974).    
All of the treated samples had shown little or no pasting during RVA analysis due to the 
high temperature used in incubation (75°C). The TP for all the treatments ranged from 2.48 to 
6.62 min. Only the NGNS2hr and 4hr enzyme treated samples had peaks large enough to show a 
breakdown and the TP was 4.4 min (Table 4.2 and Figure 4.5). The rest of the samples had 
already been cooked since PT was non-detectable in the RVA analysis and therefore the TP found 
in Table 4.2 were not the true values. α-amylase treated rice flour would certainly not be suitable 
as an ingredient in viscous food products due to the minimal pasting characteristics. 
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Table 4.2. Effects of Gelatinization Storage and Incubation Duration on Pasting Characteristics of α-Amylase Treated Rice Flour1, 2, 3 
        Sample Treatment PV MV BKD FV SBK TSB TP  PT
Control       ---- 5.75b 4.42cd ND 4.92cde ND ND 2.28b ND
Rice Flour ---- 236a 155a 81.2a 377a     141a 223a 5.49ab 86.5a
NGNS2hr         7.56b 2.94d 4.61b 3.56e -4.00b ND 4.42ab ND
NGNS4hr      5.17b 3.71cd ND 4.00ed ND ND 4.45ab ND 
NGNS16hr      8.61b 3.56cd 5.06b 4.03ed -4.58b ND 4.41ab ND 
GNS2hr   5.15b 4.25cd ND 4.79cde ND ND 5.17ab ND 
GNS4hr   4.83b 4.25cd ND 4.81cde ND ND 5.30ab ND 
GNS16hr     5.53b 4.92cd ND 5.94bcd ND 1.03b 6.62a ND 
GS2hr   8.88b 7.17b ND 8.04b ND ND 2.48ab ND 
α-Amylase 
GS4hr   7.29b 5.58bc ND 6.5bc ND ND 6.26ab ND 
1PV = Peak Viscosity; MV = Minimum Viscosity; BKD = Break down; FV = Final Viscosity; SBK = Set back; TSB = Total Set Back; TP = 
Time to Peak; PT = Pasting Temperature 
2Units: Viscosity (RVU); Temperature (°C); Time (min) 
3Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
ND = non-detectable 
 







Figure 4.5. Effects of α-Amylase on NGNS Rice Flour Pasting Properties 
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Figure 4.6. Effects of α-Amylase on GNS Rice Flour Pasting Properties 
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Figure 4.7. Effects of α-Amylase on GS Rice Flour Pasting Properties
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4.3.3. Effects of α-Amylase-Pullulanase Treatment on Rice Flour  
There was no significant difference (p>0.05) between the commercial control and the 
NGNS samples in pasting characteristics in PV, MV, BKD, FV, SBK, TSB and TP (Table 4.3, 
Figure 4.1 and 4.8). The temperature for enzyme incubation was 60°C for all treatments. There 
was no significant difference (p>0.05) between the gelatinized samples and the commercial 
control. In NGNS2hr and NGNS4hr, there were 5.6 and 6.8 RVU in BKD. Since the GNS and GS 
samples were already gelatinized, there was no pasting temperature detected. The NGNS2hr and 
NGNS16hr samples also had no pasting temperature while only one replicate of NGNS4hr had a 
PT at 81.5°C. Since only one NGNS4hr replicate showed pasting, the average was distorted after 
dividing 81.5°C by four replicates. 
The NGNS2hr and 4hr samples had significantly lower pasting abilities than untreated 
rice flour (p≤0.05) (Table 4.3, Figure 4.1, 4.8). They had a peak at 3.75 and 3.88 min with PV at 
10.9 and 11.5 RVU, respectively. There was a small amount of breakdown as MV was one-third 
of PV for the two samples. Between the NGNS samples treated with pullulanase and α-amylase-
pullulanase, the α-amylase-pullulanase treated samples had significantly lower pasting qualities. 
It is possible that the higher incubation temperature for the α-amylase-pullulanase treatment 
caused the difference. During sample preparation, the α-amylase-pullulanase rice flour samples 
yielded lower freeze-dried sample weight, regardless of gelatinization type and incubation time 
(Table 3.4 and 4.3). 
It is possible that α-amylase caused more degradation of the starch so that it was not 
possible for the sample to paste like untreated rice flour. The NGNS16hr, GNS and GS samples 
were almost identical to each other in the RVA analysis (p>0.05), but significantly different from 
the untreated rice flour (p≤0.05) (Figure 4.8, 4.9 and 4.10). These samples had no increase in 
viscosity and therefore no BKD, SBK and TSB. One can describe these samples to be heat-stable 
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Table 4.3. Effects of Gelatinization/Storage and Incubation Duration on Pasting Characteristics of α-Amylase-Pullulanase Treated Rice Flour1, 2, 3 
          Sample Treatment PV MV BKD FV SBK TSB TP PT
Control          ---- 5.75bc 4.42b ND 4.92b ND ND 2.28a ND
Rice Flour ---- 236a 155a 81.2a 377a     141a 223a 5.49a 86.5a
NGNS2hr         10.9bc 3.88b 5.60bc 4.42b -6.50cd ND 3.75a ND
NGNS4hr         11.5b 3.79b 6.83b 4.27b -7.25d ND 3.88a 20.4a
NGNS16hr         4.88c 4.00b ND 4.46b ND ND 3.60a ND
GNS2hr         5.25c 4.42b ND 4.92b ND ND 4.19a ND
GNS4hr         5.08c 4.71b ND 5.33b ND ND 5.82a ND
GNS16hr         5.92bc 5.08b ND 5.21b ND ND 3.89a ND
GS2hr         5.29c 3.54b ND 4.29b ND ND 2.25a ND
α-Amylase-
Pullulanase 
GS4hr         5.92bc 4.79b ND 5.21b ND ND 5.44a ND
1PV = Peak Viscosity; MV = Minimum Viscosity; BKD = Break down; FV = Final Viscosity; SBK = Set back; TSB = Total Set Back; TP = 
Time to Peak; PT = Pasting Temperature 
2Units: Viscosity (RVU); Temperature (°C); Time (min) 
3Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
ND = non-detectable 
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Figure 4.8. Effects of α-Amylase-Pullulanase on NGNS Rice Flour Properties 
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Table 4.9. Effects of α-Amylase-Pullulanase on GNS Rice Flour Pasting Properties 
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Figure 4.10. Effects of α-Amylase-Pullulanase on GS Rice Flour Pasting Properties
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since there was no increase or decrease in viscosity. Due to the lack of pasting in these samples, 
they are not suitable for food products that are highly viscous. The post-cooking viscosity of all 
NGNS samples were not significantly different from the commercial control (p>0.05). There was 
no increase in FV in all treated samples, NGNS, GNS and GS, whereas the FV for untreated rice 
flour was the highest reading among all samples. No retrogradation or gelling had taken place 
when the sample was cooled so that the starch molecules would partially reassociate (Fennema, 
1996). There was no potential retrogradation in the treated samples.  
There was no PT in all the treatments except for NGNS4hr. The TP for all treatments 
were not significantly different from the commercial control and untreated rice flour. The time to 
peak values were between 2.25 to 5.82 min.  
4.3.4. Effects of Pullulanase Treatment on Rice Starch 
For pullulanase treated rice starch, the pasting activity in the NGNS (2, 4, 16hr) samples 
was similar to each other (p>0.05) (Table 4.4), but they were significantly greater (p≤0.05) than 
the commercial control. The NGNS treatment increased the PV by 30-48 RVU as compared to 
untreated rice starch with the NGNS4hr sample having the greatest difference at 48 RVU (p≤0.05) 
(Figure 4.1 and 4.11). There was twice as much BKD in the NGNS samples than the untreated 
rice starch. Pasting temperature was in the similar range, approximately 80°C. Within the NGNS 
treatments, the 16hr treatment had the lowest SBK and TSB, 30 to 40 RVU lower than the 2hr 
and 4hr treatments.     
The GNS2hr and 4hr treatments had pasting activity (Table 4.4, Figure 4.12). There was 
a decrease in PV, MV and FV as the incubation time increased. GNS4hr had the highest BKD 
(54.54 RVU) and PT (89.62°C) among the three GNS treatments.  
There was a progressive decrease in pasting properties among the NGNS, GNS and GS 
samples. (Figure 4.11, 4.12 and 4.13)The NGNS samples had the highest pasting characteristics, 
similar to that of the untreated rice starch. The NGNS samples had slightly higher values for PV, 
MV and FV compared to the untreated rice starch. The FVs were higher than the PVs so that 
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Table 4.4. Effects of Gelatinization/Storage and Incubation Duration on Pasting Characteristics of Pullulanase Treated Rice Starch1, 2, 3 
         Sample Treatment PV MV BKD FV SBK TSB TP PT 
Control          ---- 5.75d 4.42c 0d 4.92c 0c 0c 2.28f ND
Rice Starch ---- 198.13b 174.67a 23.46bc 271.08b     73.0a 96.4ab 6.32abc 81.23b
NGNS2hr         234.73ab 186.67a 48.06a 296.44ab 61.7a 110a 6.07bc 79.03b
NGNS4hr         246.9a 196.13a 50.770a 316.15a 69.3a 120a 6.11bc 80.14b
NGNS16hr         232.02ab 189.29a 42.73ab 265.52b 33.5b 76.2b 6.25bc 81.55b
GNS2hr         88.83c 42.31b 46.52ab 46.94c -41.9d 3.63c 5.87cd 84.54ab
GNS4hr         82.73c 28.19bc 54.54a 29.98c -52.8d 0c 6.42ab 89.62a
GNS16hr         8.33d 6.79c 0d 7.92c 0c 0c 6.84a ND
GS2hr         22.81d 15.67bc 6.33cd 22.60c 0c 6.94c 3.76e ND
GS4hr         12.83d 10.21c 2.63cd 13.35c 0c 3.15c 5.40d ND
Pullulanase 
GS16hr         8.6d 7.69c 0d 8.27c 0c 0c 6.78a ND
1PV = Peak Viscosity; MV = Minimum Viscosity; BKD = Break down; FV = Final Viscosity; SBK = Set back; TSB = Total Set Back; TP = Time to 
Peak; PT = Pasting Temperature 
2Units: Viscosity (RVU); Temperature (°C); Time (min) 
3Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 






Figure 4.11. Effects of Pullulanase on NGNS Rice Starch Pasting Properties 
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Figure 4.12. Effects of Pullulanase on GNS Rice Starch Pasting Properties 
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Figure 4.13. Effects of Pullulanase on GS Rice Starch Pasting Properties
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TSBs were up to 120 RVU (Figure 4.1, 4.11). GNS16hr and the GS treatments were 
significantly lower (p≤0.05) than the untreated rice starch in PV, MV and FV and therefore BKD, 
SBK and TSB (Table 4.4, Figure 4.1, 4.12, 4.13). The SBK and TSB of the GNS and GS treated 
samples were not significantly different from the commercial control (p>0.05). GS2hr and GS4hr 
had 6.33 and 2.63 RVU in BKD, and 6.94 and 3.15 RVU in TSB, respectively. SBK was non-
detectable. The GNS treated samples had decreasing pasting characteristics as incubation time 
increased and they were significantly lower than the untreated rice starch (p≤0.05) (Table 4.4, 
Figure 4.1, 4.12). The GNS2hr sample had the best pasting properties among the three GNS 
samples, followed by GNS4hr and then GNS16hr. The FV for all three samples were lower than 
the PV so that the SBK and TSB were -52.8 to -41.9 RVU and 3.63 RVU, respectively. The BKD 
was higher than the untreated rice starch, 23 to 31 RVU higher, with the exception of GNS16hr 
which had 0 RVU in BKD. GNS16hr had no pasting activity and had no breakdown. GNS16hr 
was more similar (p>0.05) to the GS treatments (p>0.05). The general trend of all the pullulanase 
treatments was the longer the incubation, the lesser the pasting qualities. 
The GS treated rice starch had significantly less pasting than the untreated rice starch. 
The highest PV was only 22.8RVU in the GNS2hr sample. BKD ranged from 0 to 6.33 RVU, 
SBK was not detectable and TSB was 3.15 to 6.94 RVU. The NGNS samples had the highest 
retrogradation potential  as they had the largest TSB and SBK values while GNS had the lowest. 
The NGNS and GNS2hr and 4hrsamples also had the highest BKD values indicating a greater 
disruption of starch granules during cooking (Eliasson and Gudmundsson, 1996).     
The treated rice flours took a shorter time to cook than the treated rice starch. The highest TP was 
6.25 min in the NGNS16hr sample. The NGNS, and GNS2hr samples had similar PT (p>0.05, 
Table 4.4) to untreated rice flour, 79 to 84.5°C. The GNS2hr and GNS4hr samples were not 
significantly different (p>0.05) from each other in PT, 84.5 and 89.6°C, respectively. The 
GNS16hr treated sample, however, had no pasting just like the GS treated samples, and were not 
significantly different from the commercial control (p>0.05).  
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4.3.5. Effects of α-Amylase Treatment on Rice Starch  
 There was insufficient sample in the treatments, NGNS16hr, GS and GNS (4, 16hr), and 
therefore not possible to conduct RVA analysis on them. The GS2hr and NGNS (4, 16hr) treated 
samples were not significantly different (p>0.05) from the commercial control in PV, MV, FV, 
SBK, TSB and PT (Table 4.5, Figure 4.1, 4.14 and 4.15). The NGNS samples had pasting activity 
at 80 to 84 °C. They took about 3.9 to 4.4 min to reach the pasting peak, less than the TP for 
untreated rice starch, 6.3 min (p≤0.05). The BKD for NGNS2hr treated sample was greater than 
the untreated rice starch (p≤0.05) while the NGNS4hr and 16hr samples were not significantly 
greater than the untreated rice starch (p>0.05) in BKD (Table 4.5, Figure 4.1 and 4.14). There 
was considerable amount of BKD in the NGNS treated samples as the MV and FV were 4.6 to 
6.58 RVU. The untreated rice starch had greater cooking stability than the NGNS treated samples. 
The NGNS and GNS2hr treated samples had SBKs from -95.3 to 73 RVU and no TSB since the 
FV was much lower than the PV (Table 4.5, Figure 4.14 and 4.15). The GNS2hr sample did not 
have a PT as it had been gelatinized prior to enzyme treatment.   
4.3.6. Effects of α-Amylase-Pullulanase Treatment on Rice Starch 
There was insufficient sample from NGNS16hr, GNS (2, 4, 16hr) and GS16hr treatments 
and it was not possible to collect pasting characteristic data on them. 
All the variables examined for GS and NGNS treatments were significantly lower 
(p≤0.05) than values for the untreated rice starch, but were similar (p>0.05) to the commercial 
control except BKD (Table 4.6, Figure 4.1, 4.16 and 4.17). There was no breakdown, setback and 
total setback in the GS2hr and GS4hr samples. The NGNS2hr and NGNS4hr samples had 18 
RVU for PV, 3 RVU for MV and 14 RVU for BKD (Table 4.6). There was less breakdown in the 
NGNS samples compared to the untreated rice starch. All the samples had very low FV, resulting 
in 0-values for TSB.
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Table 4.5. Effects of Gelatinization/Storage and Incubation Duration on Pasting Characteristics of α-Amylase Treated Rice Starch1, 2, 3 
          Sample Treatment PV MV BKD FV SBK TSB TP PT
Control          ---- 5.75c 4.4167b 0b 4.917b 0b 0b 2.2811d ND
Rice Starch ---- 198.13a 174.6667a 23.46b 271.083a     73.0a 96.42a 6.3224a 81.225a
NGNS2hr         100.98b 4.1875b 96.79a 5.67b -95.3c 0b 4.1225b 80.663a
NGNS4hr         67.13bc 3.8550b 63.27ab 4.605b -62.5bc 0b 3.8850b 80.35a
NGNS16hr         69.46bc 4.415b 65.04ab 6.583b 62.9bc 0b 4.4325b 84.113a
α-Amylase 
GNS2hr         7.67c 3.5b 3.46b 4.667b -3.00b 0b 3.1278c ND
1PV = Peak Viscosity; MV = Minimum Viscosity; BKD = Break down; FV = Final Viscosity; SBK = Set back; TSB = Total Set Back; TP = Time to 
Peak; PT = Pasting Temperature 
2Units: Viscosity (RVU); Temperature (°C); Time (min) 
3Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 





Figure 4.14. Effects of α-Amylase on NGNS Rice Starch Pasting Properties 
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Figure 4.15. Effects of α-Amylase on GS Rice Starch Pasting Properties
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Table 4.6. Effects of Gelatinization/Storage and Incubation Duration on Pasting Characteristics of α-Amylase-Pullulanase Treated Rice Starch1, 2, 3 
         Sample Treatment PV MV BKD FV SBK TSB TP PT
Control     ---- 5.75b 4.42b 0b 4.92b 0b 0b 2.28d ND
Rice Starch ---- 198a 175a 23.5a 271a     73.0a 96.4a 6.32a 81.2a
NGNS2hr         18.2b 3.52b 14.6ab 4.13b -14.0b 0b 3.83b 60.6a
NGNS4hr         17.4b 3.71b 13.7ab 4.40b -13.0b 0b 3.99b 40.7a
GS2hr        5.83b 3.08b 0b 3.58b 0b 0b 2.44c ND 
α-Amylase-Pullulanase 
GS4hr        6.25b 5.13b 0b 5.63b 0b 0b 6.45a ND 
1PV = Peak Viscosity; MV = Minimum Viscosity; BKD = Break down; FV = Final Viscosity; SBK = Set back; TSB = Total Set Back; TP = Time 
to Peak; PT = Pasting Temperature 
2Units: Viscosity (RVU); Temperature (°C); Time (min) 
3Means with different letters in each column are significantly different (p≤0.05). The values are an average of 4 measurements. 





Figure 4.16. Effects of α-Amylase-Pullulanase on NGNS Rice Starch Pasting Properties 
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Figure 4.17. Effects of α-Amylase-Pullulanase on GS Rice Starch Pasting Properties 
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The effects of α-amylase-pullulanase treatment on rice flour and starch were very similar. 
Although the samples had very low or zero SBK, TSB and BKD showing stability during 
cooking (Table 4.3 and 4.6), they would not be recommended for use in viscous food products 
because pasting viscosities were low.      
In rice starch, the effects of the enzymes treatments on the pasting properties were 
complex due to the different temperatures used during incubations. The target linkages by 
pullulanase and α-amylase also resulted in different end-products. Pullulanase debranched the 
starch molecules while α-amylase cleaved randomly within the starch molecules. The longer 
chained molecules left from pullulanase-debranching were able to paste better as observed in the 
RVA analysis. The α-amylase treated samples had little pasting properties due to the random 
cleaving of the starch molecules, in addition to the higher incubation temperature (75 °C), 
required for optimum enzyme activity. The high incubation temperature was within the range of 
starch gelatinization temperatures and resulted in the starch gelatinizing prior to RVA analysis. 
Therefore during RVA analysis, the α-amylase samples did not display significant pasting 
properties even when the sample had not been gelatinized prior to enzyme treatment. The α-
amylase-pullulanase treated samples had very similar pasting properties to the α-amylase treated 
samples due to the synergistic effects of α-amylase and pullulanase in digesting the starch 
molecules. Most of the starch molecules had been degraded into simple sugars so that there was 
little long-chain starch molecules left and could not paste like untreated rice flour and starch.  
In the absence or low availability of lipids and proteins, the untreated rice starch had 
slightly different pasting properties than untreated rice flour. There was a greater potential for 
retrogradation in rice flour as seen in Figure 4.1. According to Liang et al (2002), addition of 
lipids to commercial rice starch resulted in higher potential for retrogradation. In the removal of 
protein from rice flour, lower PV, MV and FV were observed (Liang et al., 2003). However, in 
GNS-pullulanase treated rice flour, there was virtually no increase in viscosity during cooking or 
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holding temperature, while the same treatment on rice starch produced significant pasting upon 
cooking and retrogradation during storage (Figure 4.3 and 4.12). In the GS-pullulanase treated 
rice flour, the PV, MV, FV and TSB were not as pronounced as the rice starch GS-pullulanase 
treated samples.    
 In the NGNS treated rice starch and flour, the pullulanase treated sample had the best 
pasting properties. The α-amylase treatment on NGNS rice starch resulted in greater PV values 
than the α-amylase-pullulanase treated NGNS rice starch. However, both did not have cooking 
stability as the MV values were similar to the viscosity detected prior to PV (Figure 4.14 and 
4.16). The NGNS rice flour treated with α-amylase and α-amylase-pullulanase were very similar 
to the NGNS rice starch in pasting properties. There was pasting observed during heating, 
however the peak rapidly disappeared as the temperature was held at 95 °C (Figure 4.5 and 4.8). 
4.4. CONCLUSION 
 The NGNS rice starch samples treated with pullulanase had slightly higher PV, FV and 
BKD than the untreated rice starch. The NGNS pullulanase treated rice flour samples had very 
similar pasting qualities as untreated rice flour. The pasting qualities of both starch and flour 
samples altered according to the enzyme combinations. The enzyme combinations played a more 
significant role in modifying the pasting qualities due to the incubation temperatures during 
treatment. Samples treated with pullulanase, regardless of gelatinization and storage state, had 
higher PV, MV and FV because they were incubated at 55°C and did not exceed the pasting 
temperature, 60-78°C. In addition, pullulanase was a debranching enzyme as opposed to α-
amylase which was randomly cleaved α (1, 4) glycosidic bonds. There was greater degradation in 
the samples when α-amylase was used, therefore both α-amylase and α-amylase-pullulanase 
treatments had lower pasting qualities. The samples that were gelatinized displayed little or no 
pasting qualities as expected. It will be important to consider what enzyme treatments to use 
while developing RS and incorporating it as a food ingredient. Only the NGNS treatments on 
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flour and starch with pullulanase retained their pasting characteristics. They would be suitable for 
manufacturing food products with high viscosity after cooking. The remaining treatments would 







 CHAPTER 5  




 Differential Scanning Calorimetry (DSC) measures heat absorbed or given off by a 
sample in a controlled atmosphere at specified temperatures. This provides information about a 
sample’s specific heat and latent heat which indicate changes in the amorphous and crystalline 
structures. Data is recorded in terms of heat flow which is the normal output of DSC. It includes 
the sample’s specific heat (times the sample weight and scan rate) plus the baseline characteristics 
of the analyzer (Cassel, 2002). Data collected is presented in joules/gram (J/g). In the analysis of 
starch, starch gelatinization parameters such as peak onset, peak temperature, end of peak and 
gelatinization enthalpy information is collected. The gelatinization temperatures for maize, wheat, 
peas and potato are between 41 and 72°C (Sievert and Pomeranz, 1990). DSC could detect the 
presence of resistant starch in samples. CrystaLean is a commercial resistant starch by Opta Food 
Ingredients, Inc. DSC analysis indicates a peak ranging from 110-140°C. According to Sievert 
and Pomeranz (1990), they found RS residues that gave endothermic peaks between 136 to 162° 
C. Biliaderis (1991) found that amylose-lipid complexes exhibited peaks at 95-130°C. The 
melting point of crystallized amylose was at approximately 155 °C (Sievert and Pomeranz, 1989).  
 Lipids attach to starch, specifically amylose, to form amylose-lipid complexes. Lipids 
present in starch samples are classified into two categories, true-starch lipids and starch-surface 
lipids (Morrison, 1988). The true-starch lipids are in the native starch granules as separate 
complexes. The lipids react with the starch granules during gelatinization (Biliaderis et al, 1986; 
Morrison et al, 1993). When lipids were removed from the starch, granule swelling increased and 
the gelatinization temperature of rice starch was lowered (Champagne et al, 1990; Marshall et al, 
1990).  
 α-Amylase is an endo-enzyme that cleaves α (1, 4)-D-glucosidic linkages in starch. The 
end products after α-amylase treatment of amylopectin are glucose, maltose, maltotriose and 
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branched α-limit dextins (pentasaccharides) (Hughes et al., 1963; French et al., 1972). Alpha-
amylase is able to isolate RS from amylose-lipid complexes at high temperatures (Holm et al, 
1983). Pullulanase is another endo-enzyme, it debranches starch molecules by cleaving α (1, 6) 
linkages. Pullulanase isolated from Klebsiella aerogenes converts linear pullulan (polymaltotriose) 
in to maltotriose (Atwell, 1980; Marshall, 1974). 
The effects of sugars such as sucrose, glucose, ribose, and maltose in RS formation was 
tested by Eerlingen et al (1994) and they found that sugars could influence RS yield at high 
concentrations (final starch-water-sugar ration of 1:10:5, w/w). RS yield in wheat starch gels was 
decreased from 3.4 to 2.8 % when sucrose or glucose was present. Ribose or maltose caused RS 
yield to decrease to 2.5%. High-amylose corn starch on the other hand increased in RS yield to 
13.2%.  
The objectives of this study were 1) to use DSC to detect the presence of resistant starch 
(RS) and 2) to study the heating profile of the enzyme treated rice flour and starch. 
5.2 METHODS AND MATERIALS 
5.2.1. Sample Preparations and Enzyme Treatments 
 
 Refer to Chapter 3 for sample preparation and enzyme treatments. 
 
5.2.2. DSC Methods and Materials 
DSC Pans were purchased from TA Instruments (Part no. 900825.902, T21230). Ten mg 
of sample were weighed into the DSC pan and 20 mg of water was added. An analytical balance 
was used to measure the samples (Denver Instrument, M-220D). The pan was sealed with a press 
(TA Instruments, New Castle, Delaware). The prepared samples were equilibrated overnight at 
room temperature. During analysis, the DSC temperature was equilibrated at 35 °C for five 
minutes and then heated to 140 °C at a 5 °C /min increment. Samples that presented peaks 
beyond the gelatinization temperature range, 60-80 °C were reheated to determine the stability of 
the peaks. Each sample was duplicated so that there were four replicates for each treatment.  
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5.2.3. Statistical Analysis 
SAS (Statistical Analysis System) software (version 8.0) was used. Post-hoc multiple 
comparisons were performed using the Tukey's studentized range test to study the interactions of 
incubation periods and gelatinization type in enzyme treated rice flour and starch. The effects on 
peak onset, peak and end of peak temperatures were examined. Incubation periods were 2, 4 
and16 hours. Abbreviations were GS for gelatinization with storage, NGNS for no gelatinization 
without storage was NGNS, and GNS for gelatinization without storage; rice flour (RF) or starch 
(RS).  
5.3. RESULTS AND DISCUSSION 
5.3.1. Effects of Pullulanase Treatment on Rice Flour 
 The commercial control was analyzed by DSC along with the samples and untreated rice 
flour. The commercial control had no gelatinization activity at normal temperatures and this 
suggested that it had been gelatinized before (Table 5.1, Figure 5.1).  
For peak 1, the NGNS treated samples were not significantly different from the untreated 
rice flour for the gelatinization, amylose-lipid complex and resistant starch peaks (p>0.05) (Table 
5.1). For the untreated rice flour, the enthalpy for the gelatinization peak was 2.85 J/g. The 
enthalpy required to produce the gelatinization peak in the NGNS treated samples was 10 to 15 
times higher than the untreated rice flour (Table 5.1). A higher peak enthalpy meant that a greater 
amount of energy was required to produce the peak. The starch granules within the sample may 
be more compact and/or resistant to cooking. There was no significant difference (p>0.05) in the 
other treated samples and the untreated rice flour in the peak onset, peak and completion 
temperatures, and enthalpy. The temperature ranges for gelatinization peak onset was 49.0 to 71.9 
°C, peak was 57 to 81.1 °C and completion was 69.6 to 98.0 °C (Table 5.1). The enthalpy range 
was between 0.18 and 41.9 J/g.    
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 For peak 2, the peak onset temperatures ranged from 76.3 to 101 °C. The commercial 
control did not have a peak. The peak onset temperature for the GNS16hr treated sample was 
significantly lower (p≤0.05) than the untreated rice flour (Figure 5.1 and 5.3, Table 5.1). The 
GNS2hr and 4hr treated samples had significantly higher (p≤0.05) peak onset temperatures than 
GNS16hr and GS16hr. There was no significant difference (p>0.05) in the completion 
temperatures and peak enthalpies between the samples and the untreated rice flour. 
 
 
Figure 5.1. DSC Analysis of Commercial Control (CrystaLean®), Rice Starch and Rice Flour 
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Table 5.1. Effects of Gelatinization/Storage and Incubation Duration on Thermal Characteristics of Pullulanase Treated Rice Flour1, 2, 3 





Sample    Treatment To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H 
Control              ---- ND ND ND ND ND ND ND ND 101a 119a 133a 3.69a
Rice Flour ---- 70.9a 77.8a 92a 2.85a 94.2ab        100abc 106a 0.184a 118a 119a 128a 0.172b
NGNS2hr             68.9a 76.2a 90.7a 31.64a 98.0a 103ab 110a 2.19a 124a 126a 129a 0.519b
NGNS4hr           63.0a 69.9a 90.3a 38.7a 91.9abc 98.4abc 107a 1.45a ND ND ND ND
NGNS16hr           63.4a 69.7a 88.6a 41.9a 93.8abc 101abc 111a 12.8a 120a 121a 127a 0.0159b
GNS2hr             51.8a 61.5a 70.5a 0.51a 101a 109a 121a 1.03a ND ND ND ND
GNS4hr             71.9a 81.1a 91.8a 0.44a 101a 110a 123a 0.896a ND ND ND ND
GNS16hr             51.3a 74.3a 98.0a 4.15a 78.3bc 90.1bc 107a 1.50a 114a 120a 130a 0.235b
GS2hr           49.0a 60.9a 83.9a 3.43a 89.3abc 97.3abc 108a 0.801a 111a 114a 122a 0.187b
GS4hr            54.9a 62.2a 77.6a 0.75a 88.4abc 95.1bc 107a 0.652a 108a 113a 124a 0.363b
Pullulanase 
GS16hr             51..2a 57.0a 69.6a 0.18a 76.3c 88.1c 105a 2.78a 106a 111a 119a 0.131b
1 To, Tp, TC = onset, peak and completion temperatures, respectively; ∆H = enthalpy; ND = non-detectable. 
2Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
3Units: Temperature (°C), Enthalpy (J/g, dry matter); Heating Rate = 5°C/min 
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For the resistant starch peak, there was no significant difference (p>0.05) in the 
commercial control, untreated rice flour and all the treated samples for peak onset, peak and 
completion temperature. For the NGNS4hr, GNS2hr and GNS4hr treated samples, no resistant 
starch peak was detected (Figure 5.2, 5.3 and 5.4). The resistant starch peak in the commercial 
control (100 to 130 °C) appeared to be two peaks overlapping each other so that the starting and 
ending of the peaks were not separate (Figure 5.1). According to the DSC results, the NGNS2hr 
and 16hr, GNS16hr and GS treated samples contained resistant starch (Figure 5.1, 5.2, 5.3 and 
5.4, Table 5.1). Both the gelatinization type and incubation time were important influences on 
producing resistant starch in rice flour.  
 
 
Figure 5.2. DSC Analysis of Pullulanase-treated NGNS Rice Flour
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Figure 5.4. DSC Analysis of Pullulanase-treated GS Rice Flour 
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5.3.2. Effects of α-Amylase Treatment on Rice Flour       
 The NGNS2hr and 4hr, GNS2hr and GS4hr treated samples did not have a gelatinization 
peak. The onset, peak and completion temperatures of the NGNS16hr, GNS4hr and 16 hr, and 
GS2hr and 16hr treated samples were not significantly different from the untreated rice flour in 
gelatinization temperatures and peak enthalpies (p>0.05) (Table 5.2, Figure 1, 5.1, 5.5, 5.6 and 
5.7).   
 The onset temperature range for the amylose-lipid complex peak was 82.2 to 104 °C 
(Table 5.2). The peak onset temperature for NGNS4hr was approximately 20 °C lower than the 
GNS16hr, GS4hr and GS16hr treated samples (p≤0.05). There was no significant difference in 
enthalpies for all the treated samples and the untreated rice flour (p>0.05) (Table5.2).  
 
 
Figure 5.5. DSC Analysis of α-Amylase-treated NGNS Rice Flour 
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Table 5.2. Effects of Gelatinization/Storage and Incubation Duration on Thermal Characteristics of α-Amylase Treated Rice Flour1, 2, 3 





Sample    Treatment To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H 
Control          ---- ND ND ND ND ND ND ND ND 101b 119a 133a 3.69a
RiceFlour          ---- 70.9a 77.8a 92.0a 2.85a 94.2ab 100ab 106a 0.18a 118ab 119a 128a 0.17a
NGNS2hr            ND ND ND ND 88.3ab 94.5ab 108a 4.06a 108ab 112a 118a 0.86a
NGNS4hr            ND ND ND ND 82.2b 85.2b 94.5a 0.26a 102b 111a 129a 0.191a
NGNS16hr            71.0a 75.0a 86.0a 1.48a 96.3ab 104ab 114a 1.06a 108ab 114a 120a 0.14a
GNS2hr            ND ND ND ND 99.8ab 109ab 126a 1.82a ND ND ND ND
GNS4hr            58.6a 66.0a 78.1a 0.121a 90.0ab 97.0ab 88.4a 26.4a 106ab 119a 128a 2.02a
GNS16hr             59.7a 83.1a 84.9a 0.664a 104a 110a 126a 0.89a ND ND ND ND
GS2hr            67.8a 71.0a 97.4a 1.84a 98.9ab 105ab 114a 0.46a 122a 126a 134a 125a
GS4hr             ND ND ND ND 101a 110a 120a 2.52a 120a 126a 134a 108a
α-Amylase 
GS16hr             64.6a 67.4a 77.1a 0.226a 100a 108ab 121a 1.55a ND ND ND ND
1 To, Tp, TC = onset, peak and completion temperatures, respectively; ∆H = enthalpy; ND = non-detectable. 
2Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
3Units: Temperature (°C), Enthalpy (J/g, dry matter); Heating Rate = 5°C/min
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The resistant starch peak for the commercial control had an enthalpy of 3.69 J/g. The 
highest peak enthalpies were observed in the GS2hr and GS4hr treated samples, 125 and 108 J/g, 
respectively (Table 5.3). They were significantly higher in peak onset temperature than the 
commercial control (p≤0.05). Incubation time within the NGNS treatment did not produce a 
significant difference in peak enthalpy (p>0.05) (Table 5.3, Figure 5.8).The GNS16hr treated 
sample had a broader peak than the GNS2hr and GNS4hr treated samples (Figure 5.9). There was 
no significant difference (p>0.05) in the treated samples, commercial control and untreated rice 
flour in the peak temperature.    
 Based on the DSC analysis, 3 samples (GNS2hr and 16hr, and GS16hr) out of the 9 α-
amylase treatments did not have resistant starch. The gelatinization types and incubation periods 








Figure 5.7. DSC Analysis of α-Amylase-treated GS Rice Flour 
 
5.3.3. Effects of α-Amylase-Pullulanase Treatment on Rice Flour 
 The gelatinization peak for the NGNS16hr, GNS4hr and 16hr, and GS2hr and 16hr 
treated samples was not detectable. There no significant difference in the gelatinization peak 
onset, peak and completion temperatures between the NGNS2hr and 4hr, GNS2hr and GS4hr 
treated samples and the untreated rice flour (Table 5.3, Figure 5.1, 5.8, 5.9 and 5.10). The peak 
enthalpies for the GNS2hr (0.144 J/g) and GS4hr (0.602 J/g) treated samples were significantly 
lower than the untreated rice flour (2.85 J/g) (p≤0.05). 
 For the GS2hr treated sample, the amylose-lipid complex peak onset temperature was 
significantly lower (p≤0.05) than the untreated rice flour. The peak enthalpy for the GS2hr (1.84 
J/g) treated sample was significantly higher than the NGNS2hr and 4hr treated samples (0.15 J/g), 
and untreated rice flour (0.18 J/g) (p≤0.05). 
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Table 5.3. Effects of Gelatinization/Storage and Incubation Duration on Thermal Characteristics of α-Amylase-Pullulanase Treated Rice Flour1, 2, 3 





Sample    Treatment To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H 
Control               ---- ND ND ND ND ND ND ND ND 101a 119a 133a 3.69a
Rice Flour ---- 70.9a 77.8a 92.0a 2.85a 94.2a        100ab 106a 0.184b 118a 119a 128a 0.17a
NGNS2hr             71.7a 78.2a 93.6a 3.04a 95.5a 101ab 108a 0.157b 115a 119a 126a 0.09a
NGNS4hr             73.3a 77.8a 91.6a 3.18a 92.2a 95.7ab 102a 0.157b 105a 111a 121a 0.56a
NGNS16hr             ND ND ND ND 97.1a 106a 118a 1.23ab ND ND ND ND
GNS2hr            57.7a 64.2a 77.8a 0.144b 97.7a 106a 119a 1.24ab ND ND ND ND
GNS4hr             ND ND ND ND 100a 109a 123a 1.43ab ND ND ND ND
GNS16hr             ND ND ND ND 97.6a 105a 119a 1.05ab ND ND ND ND
GS2hr             ND ND ND ND 73.9b 86.8b 101a 1.84a 109a 115a 124a 117a




GS16hr             ND ND ND ND 94.9a 102ab 113a 1.41ab 113a 122a 133a 53.8a
1 To, Tp, TC = onset, peak and completion temperatures, respectively; ∆H = enthalpy; ND = non-detectable. 
2Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
3Units: Temperature (°C), Enthalpy (J/g, dry matter); Heating Rate = 5°C/min
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NGNS16hr and all GNS treatments did not result in a resistant starch peak. NGNS2hr 
and 4hr and all the GS treatments were not different (p>0.05) from the commercial control and 
untreated rice flour in peak onset, peak and completion temperatures, and peak enthalpies.  
Incubation time did not have a significant effect on three different gelatinization types 
(p>0.05) (Table 5.3). The enzyme treatments did not produce a significant amount of resistant 
starch as shown in Table 3.4; however the limited amount present in the samples were detected 
by DSC. The non-significant differences between the wide ranges of temperature within each 










Figure 5.9. DSC Analysis of α-Amylase-Pullulanase-treated GNS Rice Flour 
 
 
Figure 5.10. DSC Analysis of α-Amylase-Pullulanase-treated GS Rice Flour 
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5.3.4. Effects of Pullulanase Treatment on Rice Starch  
 The NGNS treated samples had gelatinization characteristics similar to the untreated rice 
starch (p>0.05) (Table 5.4). The peak enthalpy was not different from the untreated rice starch as 
well (p>0.05). The NGNS treated samples were not significantly different from each other 
(p>0.05). The GNS treated samples did not have a gelatinization peak (Figure 5.1, 5.11). This 
was expected since the samples had been gelatinized prior to enzyme treatment. The GS treated 
samples had an unexpected gelatinization peak and were not significantly different (p>0.05) from 
the untreated rice starch (Table 5.4). The presence of the gelatinization peak was not expected 
since the rice starch was heated to 95 °C prior to enzyme treatment. The enthalpies of the GS2hr 
and 16hr treated samples, however, were significantly lower (p≤0.05) than the untreated rice 
starch, the NGNS treated samples. The peak onset range was 62.8 to 73.1 °C, peak range was 
74.2 to 81.3 °C and completion range was 85.5 to 96.7 °C. 
 There was no significant difference (p>0.05) in amylose-lipid complex onset, peak and 
completion temperatures and enthalpies in the treated rice starches and the untreated rice starch 
(Table 5.4, Figure 5.1, 5.11, 5.12 and 5.13). The peak onset range was 69.2 to 99.7 °C, peak 
range was 73.6 to 121 °C and completion range was 79.4 to 121 °C.  
A resistant starch peak was not detectable in the NGNS16hr treated sample. There was no 
significant difference in peak onset and peak temperatures between the other treated rice starch 
samples, untreated rice starch and commercial control (p>0.05). The peak completion temperature 
in GS16hr was significantly higher (12 °C) than the untreated rice starch (p≤0.05). The enthalpies 
ranged from 0.00835 to 0.3 J/g (Table 5.4). The peak onset range was 96.8 to 120 °C, peak range 




Table 5.4. Effects of Gelatinization/Storage and Incubation Duration on Thermal Characteristics of Pullulanase Treated Rice Starch1, 2, 3 







Sample    Treatment To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H 
Control              ---- ND ND ND ND ND ND ND ND 101a 119a 132a 3.6b
Rice 
Starch ---- 68.8ab           73.3a 83.6b 2.99ab 90.0a 97.4a 116a 0.45a 112a 116a 121b 0.12b
NGNS2hr 70.8ab          75.3a 89.3ab 3.96a 94.2a 103a 113a 0.92a 96.8a 124a 127ab 0.11b
NGNS4hr 69.7ab          74.8a 88.6ab 3.56a 69.2a 73.6a 79.4a 0.32a 117a 120a 131ab 0.00835a
NGNS16hr 70.3ab          75.3a 88.1ab 3.82a 93.6a 103a 111a 0.49a ND ND ND ND
GNS2hr ND           ND ND ND 90.2a 104a 115a 2.05a 118a 121a 129ab 0.3b
GNS4hr ND           ND ND ND 88.1a 105a 116a 2.17a 119a 122a 130ab 0.32b
GNS16hr ND            ND ND ND ND ND ND ND 120a 122a 127ab 0.04b
GS2hr 73.1a          81.3a 92.8ab 0.212c 97.0a 104a 112a 0.32a 119a 122a 126ab 0.05b
GS4hr 62.8b           79.1a 96.7a 1.23bc 99.0a 105a 113a 0.32a 120a 122a 125ab 0.02b
Pullulanase 
GS16hr 63.9b          74.2a 85.5ab 0.397c 99.7a 112a 121a 179a 119a 125a 133a 0.18b
1 To, Tp, TC = onset, peak and completion temperatures, respectively; ∆H = enthalpy; ND = non-detectable. 
2Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
3Units: Temperature (°C), Enthalpy (J/g, dry matter); Heating Rate = 5°C/min 
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Figure 5.11. DSC Analysis of Pullulanase-treated NGNS Rice Starch 
 
 




Figure 5.13. DSC Analysis of Pullulanase-treated GS Rice Starch 
 
5.3.5. Effects of α-Amylase Treatment on Rice Starch 
 For α-amylase treated rice starch, the gelatinization peak onset range was 56.3 to 76.6 °C, 
peak range was 68.2 to 92.1 °C, and completion range was 86.4 to 106 °C (Table 5.5). There 
were no differences between each sample and the untreated rice starch in gelatinization 
temperatures and enthalpies except GS2hr had greater peak and conclusion temperatures 
(p≤0.05).The GNS4hr and 16hr, and GS4hr treated samples did not have a gelatinization peak. 
The enthalpy of peaks ranged from 0.43 to 3.29 J/g. The NGNS2hr treated sample had the highest 
enthalpy, 4.03 J/g.   
 For the amylose-lipid complex, the peak onset range was 91.8 to 105 °C, peak range was 
103 to 122 °C and completion range was 92.3 to 139 °C. The GNS4hr treated sample had the 
lowest onset and peak temperatures while GS16hr had the highest. The non-significant 
differences between the wide temperature ranges in the onset, peak and completion temperatures 
was due to inconsistent data from DSC analysis. Refer to the appendix to see the raw data table. 
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The different treatments caused the peak onset and peak temperatures to vary slightly (Table 5.5, 
Figure 5.1, 5.14, 5.15 and 5.16). There was no significant difference in the completion 
temperatures and peak enthalpies (p>0.05). The peak enthalpies ranged from 0.23 to 4.45 J/g. The 
GNS4hr treated sample had the lowest enthalpy while NGNS16hr had the highest. 
 The NGNS2hr, GNS2hr and 4hr, and GS16hr treated samples did not have a resistant 
starch peak. The GS4hr treated sample had the lowest temperatures for peak onset (111 °C), peak 
(119 °C) and completion (126 °C). The highest temperature for peak onset was 124 °C in 
NGNS16hr, peak was 125 °C in NGNS16hr and completion was 136.0°C in GNS16hr. The non-
significant differences between the wide temperature range was due to inconsistent data from 
DSC analysis. Refer to the appendix 6 for details on raw data. The treatment with the highest 




Figure 5.14.  DSC Analysis of α-Amylase-treated NGNS Rice Starch 
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Table 5.5. Effects of Gelatinization/Storage and Incubation Duration on Thermal Characteristics of α-Amylase Treated Rice Starch1, 2, 3 





Sample    Treatment To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H 
Control            ---- ND ND ND ND ND ND ND ND 101b 119a 133a 3.69a
Rice 
Starch ----          68.8ab 73.3b 83.6b 2.99a 89.8a 97.4b 116a 0.450a 112ab 116a 121a 0.124a
NGNS2hr             70.6ab 75.7b 91.7ab 4.03a 96.3a 104ab 116a 0.360a ND ND ND ND
NGNS4hr             74.9a 78.2b 90.7ab 3.29a 100a 104ab 111a 0.229a 116ab 119a 131a 1.04a
NGNS16hr             76.6a 79.8ab 92.6ab 2.68a 100a 106ab 92.3a 4.45a 124a 125a 134a 7.42a
GNS2hr             56.3b 68.2b 86.6b 0.434a 95.9a 110ab 126a 0.39a ND ND ND ND
GNS4hr            ND ND ND ND 100a 111ab 122a 0.221a ND ND ND ND
GNS16hr       ND ND ND ND 91.8a 105ab 116a 0.669a 114ab 121a 136a 0.551a
GS2hr            76.7a 92.1a 106a 2.14a 98.0a 103ab 113a 1.64a 113ab 120a 130a 0.3490
GS4hr         ND ND ND ND ND ND ND ND 111ab 119a 126a 0.343a
α-Amylase 
GS16hr             64.0ab 73.3b 86.4b 0.597a 105a 122a 139a 3.20a ND ND ND ND
1 To, Tp, TC = onset, peak and completion temperatures, respectively; ∆H = enthalpy; ND = non-detectable. 
2Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 
3Units: Temperature (°C), Enthalpy (J/g, dry matter); Heating Rate = 5°C/min 
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Figure 5.15. DSC Analysis of α-Amylase-treated GNS Rice Starch 
 
 
Figure 5.16. DSC Analysis of α-Amylase-treated GS Rice Starch 
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5.3.6. Effects of α-Amylase-Pullulanase Treatment on Rice Starch 
 The enzyme treatments, GNS4hr, GS2hr, 4hr and 16hr did not have a gelatinization peak 
(Table 5.6, Figure 5.18 and 5.19). The enthalpies ranged from 0.146 to 4.77 J/g. The NGNS4hr 
treated sample had the highest enthalpy at 4.77 J/g while the NGNS16hr treated sample had the 
lowest, 0.146 J/g. The GNS2hr and 16hr treated samples had been gelatinized prior to incubation, 
but they still had a gelatinization peak during DSC analysis. It is possible that initial 
gelatinization process was not complete. The peak onset range was 60.8 to 74.5 °C, peak range 
was 72.9 to 78.1 °C and completion range was 81.8 to 96.5 °C. The NGNS16hr, and GNS2hr 
treated samples were significantly lower than the NGNS2hr and 4hr treated samples and the 
untreated rice starch in peak onset temperature (p≤0.05). There was no significant difference 
(p≤0.05) in the peak and peak completion temperatures for NGNS, GNS2hr and 16hr treatments, 
and the untreated rice starch.  The NGNS16hr treated sample had a lower peak enthalpy than the 
NGNS4hr treated sample (p≤0.05). The treatments caused changes in the gelatinization onset 
temperatures and enthalpy. 
 For the GNS4hr treated sample, there was no amylose-lipid complex peak (Table 5.6). 
The remaining treatments, NGNS, GNS2hr and 16hr, and GS, were not significantly different 
(p>0.05) from the untreated rice starch for amylose-lipid complex present in these treatments. 
The enthalpies for all the treated samples and untreated rice starch ranged from 0.177 to 12.0 J/g. 
They were not significantly different from each other (p>0.05). The peak onset range was 84.3 to 
105 °C, peak range was 93.5 to 114 °C and completion range was 105 to 122 °C.   
 The resistant starch peak temperatures for the α-amylase-pullulanase treated rice starches 
were not significantly different (p>0.05) from the commercial control and the untreated rice 
starch. The peak enthalpies ranged from 0.071 to 10.2 J/g. The GNS2hr did not have a peak. The 
lowest peak enthalpy was 0.071 for the NGNS2hr sample (Table 5.6). GNS16hr had the highest 
enthalpy, 10.2 J/g. The peak onset range was 109 to 120 °C, peak range was 115 to 126 °C and 
completion range was 122 to 137 °C. Refer to the appendix 6 for raw data.  
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Figure 5.17. DSC Analysis of α-Amylase-Pullulanase treated NGNS Rice Starch 
 
 
Figure 5.18. DSC Analysis of α-Amylase-Pullulanase-treated GNS Rice Starch 
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Table 5.6. Effects of Gelatinization/Storage and Incubation Duration on Thermal Characteristics of α-Amylase-Pullulanase Treated Rice Starch1, 2, 
3 





Sample    Treatment To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H 
Control          ---- ND ND ND ND ND ND ND ND 101a 119a 133a 3.69a
Rice Starch ---- 68.8bc 73.3a 83.6a 2.99ab 89.8a        97.4a 116a 0.45a 112a 116a 121a 0.124a
NGNS2hr         72.5a 76.9a 92.8a 3.47a 98.2a 102a 108a 0.178a 83.8a 84.7a 87.8a 0.071a 
NGNS4hr             74.5a 77.3a 90.8a 4.77a 97.0a 100a 106a 2.22a 114a 116a 122a 0.808a
NGNS16hr             62.6d 72.9a 81.8a 0.146b 101a 103a 113a 0.177a 120a 122a 130a 0.095a
GNS2hr             60.8d 78.1a 96.5a 1.92ab 105a 114a 122a 0.143a ND ND ND ND
GNS4hr           ND ND ND ND ND ND ND ND 114a 126a 137a 0.31a
GNS16hr             63.7cd 74.5a 85.2a 0.727b 98.2a 106a 113a 0.189a 117a 123a 131a 0.369a
GS2hr         ND ND ND ND 84.3a 93.5a 105a 1.09a 117a 123a 131a 0.37a
GS4hr        ND ND ND ND 95.1a 98.5a 112a 12.0a 114a 122a 133a 0.999a
α-Amylase-
Pullulanase 
GS16hr         ND ND ND ND 88.6a 97.7a 108a 6.38a 109a 115a 125a 10.2a
1 To, Tp, TC = onset, peak and completion temperatures, respectively; ∆H = enthalpy; ND = non-detectable. 
2Means with different letters within each column are significantly different at p≤0.05. The values are an average of 2 to 4 measures. 




Figure 5.19. DSC Analysis of α-Amylase-Pullulanase-treated GS Rice Starch 
 
5.3.7. Peak Stability 
 The treated rice flour and starch samples were analyzed with DSC and when a resistant 
starch peak was present, the same sample was reheated to 140°C to examine the heat stability of 
resistant starch. The samples found to have heat stable resistant starch are presented in Table 5.7. 
There were 27 treatments which had heat stable peaks. Five rice flour treatments, 
GNS2hr, GS2hr and 4hr (pullulanase), NGNS2hr and GS4hr (α-amylase-pullulanase), increased 
in peak enthalpy during reheat. In rice starch, GS2hr (pullulanase) was the only treatment that had 
increase in peak enthalpy during reheat. The peak enthalpies of GS16h (pullulanase, rice starch) 
and GS4hr and 16hr (α-amylase-pullulanase, rice starch) were significantly reduced to 2 to 3 % 
after reheat. There was no clear pattern on how gelatinization, incubation time and type of 
enzyme affected the heat stability of resistant starch. It was also unclear how and why peak 
enthalpy increased upon reheating.  
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For both rice flour and starch, all three enzyme treatments produced resistant starch 
according to the DSC analysis. Pullulanase treatments produced the most number of samples that 
that heat stable resistant starch, followed by α-amylase-pullulanase and then α-amylase. This 
trend was observed in both rice flour and starch.  
Table 5.7. Enthalpy of Heat-stable Resistant Starch Peak 
Rice Starch 
Sample Treatment Original ∆H (J/g) Final H (J/g)  % Remaining 
NGNS2hr 2.11 0.745 35.3 
NGNS4hr 0.778 0.764 98.2 
GNS2hr 2.73 2.05 75.1 
GSN4hr 2.48 2.26 91.1 
GNS16hr 8.81 5.6 63.6 
GS2hr 0.349 0.969 278 
Pullulanase 
GS16hr 569 12.0 2.1 
NGNS4hr 8.88 1.36 15.3 
GS2hr 2.86 0.62 21.7 
GS4hr 65.19 2.17 3.3 
Amylase-
pullulanase 
GS16hr 11.51 0.256 2.2 
NGNS4hr 3.84 2.11 54.9 
GS2hr 1.79 0.56 31.3 Amylase 
GS16hr 1.65 1.6 97.0 
Flour 
Sample Treatment Original ∆H (J/g) Final H (J/g) % Remaining 
NGNS2hr 4.73 2.7 57.1 
NGNS4hr 4.31 0.893 20.7 
GNS2hr 0.971 1.18 122 
GNS16hr 8.17 5.05 61.8 
GS2hr 0.406 1.78 438 
GS4hr 0.526 1.67 317 
Pullulanase 
GS16hr 3.89 2.42 62.1 
NGNS2hr 0.225 0.329 146 
GS2hr 351 72.9 20.8 
GS4hr 3.35 8.06 241 
Amylase-
pullulanase 
GS16hr 152 49.9 32.8 
GS2hr 373 69.9 18.7 Amylase 
GS4hr 213 127 59.6 
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The resistant starch formed from pullulanase consisted of linear amylose chains cleaved 
from amylopectin and/or original amylose chains. The resistant starch present in the α-amylase 
and α-amylase-pullulanase treatments, however, could have had fewer and shorter linear amylose 
chains due to the random cleaving by α-amylase. When pullulanase debranched the starch 
molecules in the α-amylase-pullulanase treatment, the linear chains became highly accessible to 
the α-amylase and greater amount of degradation to the starch molecules occurred. Therefore the 
resistant starch formed by the pullulanase treatments had the highest heat stability. 
5.4. CONCLUSION 
 Of all the NGNS treatments on rice flour and rice starch, NGNS16hr (α-amylase-
pullulanase, rice flour), NGNS2hr and 4hr (α-amylase, rice flour) did not have a gelatinization 
peak. Some of the GNS and GS samples had gelatinization peaks when analyzed with DSC and 
may be caused by incomplete gelatinization during sample preparation  
 Only 3 rice starch samples did not have a second transition peak, GNS16hr (pullulanase), 
GNS4hr (α-amylase-pullulanase) and GS4hr (α-amylase). The highest peak enthalpy was 179 J/g 
in the GS16hr treated sample (pullulanase, rice starch); however it was the only sample that had 
such a high peak enthalpy. Majority of the remaining treated samples (rice flour and starch) had 
enthalpies between 0.5 and 2 J/g.  
 Resistant starch was detected in most of the enzyme treated samples. The enzyme 
combinations, incubation time and gelatinization types did not cause significant difference in the 
thermal properties of the rice flour and rice starch. 
The parameters, gelatinization types, incubation periods, rice flour or starch did not 
appear to cause significant difference in peak onset, peak and completion temperatures, and 
enthalpies based on the DSC analysis. A majority of the treated samples had amylose-lipid 
complexes and resistant starch.  
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The resistant starch was heat stable and this was significant because this would allow 
resistant rice starch to be incorporated in a bigger variety of food products. Food products such as 










GENERAL CONCLUSIONS AND RECOMMENDATION 
 
 Rice flour and starch are becoming more popular as a food ingredient in baby foods, 
snacks, frozen dinners, beer, batters and pet food. Currently food ingredient usage of rice 
accounts for 22% of domestic rice sales and has increased by 3.7% in the past year. Rice 
consumption has increased by 28% in the last ten years and more than doubled in the last 20 years 
(USA Rice Federation, 1999). The processing of raw rice flour and starch to develop resistant rice 
starch has multiple benefits. This adds value to rice as a food ingredient. This allows people to 
obtain fiber while snacking, even though it would not be recommended to substitute high fiber 
snacks for fruits, and vegetables as their principle source of dietary fiber.  
Enzyme treatments on rice starch and flour produced RS yields on a wide scale. The RS 
yields were dependent on the source of starch, gelatinization type, incubation period and enzyme 
combination. The treated rice starch produced higher yield than the treated rice flour for most of 
the treatments. The NGNS treatment yielded the highest RS content. In rice starch, the NGNS 
(pullulanase) treated samples had 40 to 61 % RS (based on dry weight). In rice starch, the non-
gelatinized-no-overnight-storage treatments produced higher RS yields than the gelatinized-no-
overnight-storage and gelatninzed-overnight-storage treatments. There was no trend in incubation 
time. Some 16hr treatments had significantly higher yields while others had lower yields. 
Pullulanase produced the best true resistant starch yields in both rice starch and flour. The lower 
yields seen in α-amylase-pullulanase and α-amylase treatments were attributed to the random 
cleaving effects of α-amylase, degrading the amylose present.   
 Gelatinization, regardless of enzyme treatment, deteriorated or minimized the pasting 
characteristics of the rice flour and starch in RVA analysis. The non-gelatinized-no-overnight-
storage (pullulanase) samples had the best pasting characteristics among all the treatments due to 
the milder temperature (55°C) and debranching effects on starch during enzyme incubation. They 
were also the most similar to the untreated rice flour and starch. There were a number of 
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gelatinized samples that had very low sample weight after the enzyme treatment. There were 12 
samples that had less than 5 g left after enzyme treatment and one of them was NGNS16hr (α-
amylase-pullulanase, rice starch). It was not possible to analyze these samples by RVA. It was 
interesting to note that the ungelatinized rice starch had the highest sample yield and resistant 
starch yield with the best pasting characteristics with pullulanase, but when gelatinized and 
treated with α-amylase or α-amylase-pullulanase, the sample weight was decreased significantly 
and the pasting characteristics are lost.     
 DSC analysis of the samples was difficult to interpret due to the large variations in the 
data. Some of the samples had gelatinization peaks in the DSC analysis even though they had 
been gelatinized before enzyme treatment. A possible explanation is that the gelatinization 
process was not complete during sample preparation. Amylose-lipid complexes and resistant 
starch were detected in both rice starch and flour samples. The samples with resistant starch peaks 
were reheated to test the heat stability of the resistant starch present. A number of samples from 
both rice flour and starch were tested positive for resistant starch heat stability. Three samples, 
GS16h (pullulanase, rice starch) and GS4hr and 16hr (α-amylase-pullulanase, rice starch), 
retained their resistant starch peak during reheat; however the peak enthalpies were reduced to 2 
to 3 % of the initial peak enthalpy. The resistant starch present in these samples was not heat-
resistant. 
 In conclusion, non-gelatinized rice starch treated with pullulanase for 2 to 4 hours yielded 
the highest RS levels while retaining its pasting characteristics. Further research should be done 
to investigate scaling up the production so that the resistant rice starch may be used as a value-
added food ingredient. CrystaLean®, the commercial resistant starch made from corn, is currently 
used in diabetic candy bars as a bulking agent. The resistant starch from rice produced in this 
study may have wider range of use as the non-gelatinized treated rice starch and flour retained 
their pasting properties after enzyme treatments. This specific treatment produced starch that had 
the same pasting characteristics as untreated rice starch, but had 8 to 12 times more resistant 
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starch (fiber). The resistant starch was also heat resistant as a peak was detected during reheat. 
This was significant because this resistant rice starch could be used in food products that were 
heated, and had high viscosity. It could also be incorporated into frozen dinners where reheating 
is a prerequisite. Rice is also highly hypoallergenic due to its low protein content, and would 
therefore be less likely to cause food allergies in consumers. 
Further research is necessary to determine how many heating and cooling cycles resistant 
starch can undergo. Studies on how the treated rice flour and starch affect cooking in food 
products should also be carried out. Procedures for preparing resistant rice starch on an industrial 
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Treat Enz Gelstor Time Rep Moisture Absorb RSYield % DryWt % DrySWt (g) FDSWt (g) TrueYield %
1 T NGNS 2 1 11.01 0.07 5.24 89.0 32.04 36 2.15
1 T NGNS 2 2 11.01 0.065 4.87 89.0 32.04 36 1.99
1 T NGNS 2 3 11.01 0.075 5.62 89.0 32.04 36 2.30
1 T NGNS 2 4 11.01 0.074 5.54 89.0 32.04 36 2.27
1 T NGNS 2 5 7.94 0.051 3.69 92.1 8.29 9 0.38
1 T NGNS 2 6 7.94 0.05 3.62 92.1 8.29 9 0.37
1 T NGNS 2 7 7.94 0.037 2.68 92.1 8.29 9 0.27
1 T NGNS 2 8 7.94 0.056 4.06 92.1 8.29 9 0.41
2 T NGNS 4 1 7.99 0.071 5.14 92.0 10.12 11 0.64
2 T NGNS 4 2 7.99 0.071 5.14 92.0 10.12 11 0.64
2 T NGNS 4 3 7.99 0.056 4.06 92.0 10.12 11 0.51
2 T NGNS 4 4 7.99 0.054 3.91 92.0 10.12 11 0.49
2 T NGNS 4 5 8.06 0.052 3.77 91.9 7.17 7.8 0.33
2 T NGNS 4 6 8.06 0.053 3.84 91.9 7.17 7.8 0.34
2 T NGNS 4 7 8.06 0.049 3.55 91.9 7.17 7.8 0.32
2 T NGNS 4 8 8.06 0.054 3.92 91.9 7.17 7.8 0.35
3 T NGNS 16 1 7.93 0.04 2.90 92.1 9.21 10 0.33
3 T NGNS 16 2 7.93 0.042 3.04 92.1 9.21 10 0.35
3 T NGNS 16 3 7.93 0.039 2.82 92.1 9.21 10 0.32
3 T NGNS 16 4 7.93 0.04 2.90 92.1 9.21 10 0.33
3 T NGNS 16 5 10.03 0.068 5.04 90.0 32.39 36 2.06
3 T NGNS 16 6 10.03 0.064 4.74 90.0 32.39 36 1.94
3 T NGNS 16 7 10.03 0.041 3.04 90.0 32.39 36 1.24
3 T NGNS 16 8 10.03 0.044 3.26 90.0 32.39 36 1.33
4 T GNS 2 1 9.01 0.094 6.89 91.0 9.55 10.5 0.82
4 T GNS 2 2 9.01 0.092 6.74 91.0 9.55 10.5 0.80
4 T GNS 2 3 9.01 0.095 6.96 91.0 9.55 10.5 0.83
4 T GNS 2 4 9.01 0.095 6.96 91.0 9.55 10.5 0.83
4 T GNS 2 5 7.92 0.11 7.96 92.1 9.67 10.5 0.95
4 T GNS 2 6 7.92 0.101 7.31 92.1 9.67 10.5 0.87
4 T GNS 2 7 7.92 0.09 6.52 92.1 9.67 10.5 0.78
4 T GNS 2 8 7.92 0.082 5.94 92.1 9.67 10.5 0.71
5 T GNS 4 1 7.99 0.121 8.77 92.0 8.74 9.5 0.95
5 T GNS 4 2 7.99 0.13 9.42 92.0 8.74 9.5 1.02
5 T GNS 4 3 7.99 0.111 8.04 92.0 8.74 9.5 0.87
5 T GNS 4 4 7.99 0.122 8.84 92.0 8.74 9.5 0.95
5 T GNS 4 5 9.09 0.058 4.25 90.9 8.36 9.2 0.44
5 T GNS 4 6 9.09 0.06 4.40 90.9 8.36 9.2 0.46
5 T GNS 4 7 9.09 0.085 6.23 90.9 8.36 9.2 0.65
5 T GNS 4 8 9.09 0.086 6.31 90.9 8.36 9.2 0.66
6 T GNS 16 1 8.07 0.068 4.93 91.9 7.35 8 0.45
6 T GNS 16 2 8.07 0.074 5.37 91.9 7.35 8 0.49
6 T GNS 16 3 8.07 0.07 5.08 91.9 7.35 8 0.46
6 T GNS 16 4 8.07 0.067 4.86 91.9 7.35 8 0.44
6 T GNS 16 5 9.05 0.064 4.69 91.0 6.55 7.2 0.38
6 T GNS 16 6 9.05 0.073 5.35 91.0 6.55 7.2 0.44
6 T GNS 16 7 9.05 0.077 5.64 91.0 6.55 7.2 0.46
6 T GNS 16 8 9.05 0.081 5.94 91.0 6.55 7.2 0.49
7 T GS 2 1 4.99 0.151 10.59 95.0 17.29 18.2 2.19
7 T GS 2 2 4.99 0.171 12.00 95.0 17.29 18.2 2.48
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7 T GS 2 3 4.99 0.169 11.86 95.0 17.29 18.2 2.45
7 T GS 2 4 4.99 0.166 11.65 95.0 17.29 18.2 2.41
7 T GS 2 5 5.98 0.154 10.92 94.0 15.33 16.3 2.02
7 T GS 2 6 5.98 0.17 12.05 94.0 15.33 16.3 2.23
7 T GS 2 7 5.98 0.177 12.55 94.0 15.33 16.3 2.33
7 T GS 2 8 5.98 0.163 11.56 94.0 15.33 16.3 2.14
8 T GS 4 1 6.95 0.163 11.68 93.1 8.93 9.6 1.27
8 T GS 4 2 6.95 0.17 12.18 93.1 8.93 9.6 1.33
8 T GS 4 3 6.95 0.14 10.03 93.1 8.93 9.6 1.09
8 T GS 4 4 6.95 0.15 10.75 93.1 8.93 9.6 1.17
8 T GS 4 5 8 0.137 9.93 92.0 9.20 10 1.13
8 T GS 4 6 8 0.139 10.07 92.0 9.20 10 1.15
8 T GS 4 7 8 0.134 9.71 92.0 9.20 10 1.10
8 T GS 4 8 8 0.14 10.14 92.0 9.20 10 1.15
9 T GS 16 1 7.03 0.092 6.60 93.0 7.44 8 0.60
9 T GS 16 2 7.03 0.092 6.60 93.0 7.44 8 0.60
9 T GS 16 3 7.03 0.1 7.17 93.0 7.44 8 0.65
9 T GS 16 4 7.03 0.122 8.75 93.0 7.44 8 0.80
9 T GS 16 5 8 0.098 7.10 92.0 16.47 17.9 1.45
9 T GS 16 6 8 0.105 7.61 92.0 16.47 17.9 1.55
9 T GS 16 7 8 0.094 6.81 92.0 16.47 17.9 1.39
9 T GS 16 8 8 0.1 7.25 92.0 16.47 17.9 1.47
10 P NGNS 2 1 8.58 0.067 4.89 91.4 75.88 83 4.61
10 P NGNS 2 2 8.58 0.062 4.52 91.4 75.88 83 4.27
10 P NGNS 2 3 8.58 0.068 4.96 91.4 75.88 83 4.68
10 P NGNS 2 4 8.58 0.057 4.16 91.4 75.88 83 3.92
10 P NGNS 2 5 5.42 0.069 4.86 94.6 74.72 79 4.37
10 P NGNS 2 6 5.42 0.072 5.07 94.6 74.72 79 4.56
10 P NGNS 2 7 5.42 0.061 4.30 94.6 74.72 79 3.86
10 P NGNS 2 8 5.42 0.054 3.81 94.6 74.72 79 3.42
11 P NGNS 4 1 5.5 0.057 4.02 94.5 76.55 81 3.70
11 P NGNS 4 2 5.5 0.05 3.53 94.5 76.55 81 3.25
11 P NGNS 4 3 5.5 0.048 3.39 94.5 76.55 81 3.12
11 P NGNS 4 4 5.5 0.058 4.09 94.5 76.55 81 3.77
11 P NGNS 4 5 6.43 0.071 5.06 93.6 74.86 80 4.60
11 P NGNS 4 6 6.43 0.075 5.34 93.6 74.86 80 4.86
11 P NGNS 4 7 6.43 0.078 5.56 93.6 74.86 80 5.05
11 P NGNS 4 8 6.43 0.069 4.92 93.6 74.86 80 4.47
12 P NGNS 16 1 5.27 0.052 3.66 94.7 75.31 79.5 3.31
12 P NGNS 16 2 5.27 0.053 3.73 94.7 75.31 79.5 3.37
12 P NGNS 16 3 5.27 0.061 4.29 94.7 75.31 79.5 3.88
12 P NGNS 16 4 5.27 0.062 4.36 94.7 75.31 79.5 3.94
12 P NGNS 16 5 6.3 0.034 2.42 93.7 75.43 80.5 2.21
12 P NGNS 16 6 6.3 0.055 3.91 93.7 75.43 80.5 3.58
12 P NGNS 16 7 6.3 0.044 3.13 93.7 75.43 80.5 2.87
12 P NGNS 16 8 6.3 0.044 3.13 93.7 75.43 80.5 2.87
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13 P GNS 2 1 6.98 0.098 7.02 93.0 10.70 11.5 0.92
13 P GNS 2 2 6.98 0.097 6.95 93.0 10.70 11.5 0.91
13 P GNS 2 3 6.98 0.112 8.03 93.0 10.70 11.5 1.05
13 P GNS 2 4 6.98 0.111 7.95 93.0 10.70 11.5 1.04
13 P GNS 2 5 6.96 0.1 7.16 93.0 10.70 11.5 0.94
13 P GNS 2 6 6.96 0.101 7.24 93.0 10.70 11.5 0.95
13 P GNS 2 7 6.96 0.099 7.09 93.0 10.70 11.5 0.93
13 P GNS 2 8 6.96 0.1 7.16 93.0 10.70 11.5 0.94
14 P GNS 4 1 9.95 0.107 7.92 90.1 7.79 8.65 0.78
14 P GNS 4 2 9.95 0.117 8.66 90.1 7.79 8.65 0.85
14 P GNS 4 3 9.95 0.09 6.66 90.1 7.79 8.65 0.66
14 P GNS 4 4 9.95 0.093 6.88 90.1 7.79 8.65 0.68
14 P GNS 4 5 8.91 0.13 9.51 91.1 14.30 15.7 1.70
14 P GNS 4 6 8.91 0.135 9.88 91.1 14.30 15.7 1.76
14 P GNS 4 7 8.91 0.14 10.25 91.1 14.30 15.7 1.83
14 P GNS 4 8 8.91 0.132 9.66 91.1 14.30 15.7 1.72
15 P GNS 16 1 6.99 0.182 13.04 93.0 63.25 68 10.09
15 P GNS 16 2 6.99 0.187 13.40 93.0 63.25 68 10.36
15 P GNS 16 3 6.99 0.176 12.61 93.0 63.25 68 9.75
15 P GNS 16 4 6.99 0.175 12.54 93.0 63.25 68 9.70
15 P GNS 16 5 8.01 0.2 14.49 92.0 53.26 57.9 9.54
15 P GNS 16 6 8.01 0.192 13.91 92.0 53.26 57.9 9.16
15 P GNS 16 7 8.01 0.195 14.13 92.0 53.26 57.9 9.30
15 P GNS 16 8 8.01 0.205 14.86 92.0 53.26 57.9 9.78
16 P GS 2 1 3.97 0.136 9.44 96.0 70.87 73.8 7.92
16 P GS 2 2 3.97 0.136 9.44 96.0 70.87 73.8 7.92
16 P GS 2 3 3.97 0.163 11.32 96.0 70.87 73.8 9.49
16 P GS 2 4 3.97 0.168 11.66 96.0 70.87 73.8 9.79
16 P GS 2 5 14.96 0.195 15.29 85.0 80.11 94.2 16.37
16 P GS 2 6 14.96 0.202 15.83 85.0 80.11 94.2 16.96
16 P GS 2 7 14.96 0.206 16.15 85.0 80.11 94.2 17.30
16 P GS 2 8 14.96 0.194 15.21 85.0 80.11 94.2 16.29
17 P GS 4 1 5.99 0.155 10.99 94.0 64.11 68.2 8.52
17 P GS 4 2 5.99 0.173 12.27 94.0 64.11 68.2 9.51
17 P GS 4 3 5.99 0.216 15.32 94.0 64.11 68.2 11.88
17 P GS 4 4 5.99 0.212 15.03 94.0 64.11 68.2 11.66
17 P GS 4 5 5.98 0.176 12.48 94.0 73.52 78.2 11.10
17 P GS 4 6 5.98 0.18 12.76 94.0 73.52 78.2 11.35
17 P GS 4 7 5.98 0.162 11.49 94.0 73.52 78.2 10.21
17 P GS 4 8 5.98 0.167 11.84 94.0 73.52 78.2 10.53
18 P GS 16 1 13.5 0.225 17.34 86.5 78.89 91.2 17.98
18 P GS 16 2 13.5 0.222 17.11 86.5 78.89 91.2 17.74
18 P GS 16 3 13.5 0.248 19.11 86.5 78.89 91.2 19.82
18 P GS 16 4 13.5 0.259 19.96 86.5 78.89 91.2 20.70
18 P GS 16 5 8.97 0.224 16.40 91.0 72.10 79.2 14.77
18 P GS 16 6 8.97 0.23 16.84 91.0 72.10 79.2 15.17
18 P GS 16 7 8.97 0.213 15.60 91.0 72.10 79.2 14.05
18 P GS 16 8 8.97 0.216 15.82 91.0 72.10 79.2 14.24
19 PT NGNS 2 1 5.97 0.054 3.83 94.0 58.30 62 2.70
19 PT NGNS 2 2 5.97 0.056 3.97 94.0 58.30 62 2.80
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19 PT NGNS 2 3 5.97 0.05 3.54 94.0 58.30 62 2.50
19 PT NGNS 2 4 5.97 0.05 3.54 94.0 58.30 62 2.50
19 PT NGNS 2 5 5.95 0.047 3.33 94.1 60.19 64 2.42
19 PT NGNS 2 6 5.95 0.05 3.54 94.1 60.19 64 2.58
19 PT NGNS 2 7 5.95 0.056 3.97 94.1 60.19 64 2.89
19 PT NGNS 2 8 5.95 0.054 3.83 94.1 60.19 64 2.79
20 PT NGNS 4 1 6.96 0.065 4.66 93.0 49.31 53 2.81
20 PT NGNS 4 2 6.96 0.063 4.51 93.0 49.31 53 2.72
20 PT NGNS 4 3 6.96 0.062 4.44 93.0 49.31 53 2.68
20 PT NGNS 4 4 6.96 0.059 4.23 93.0 49.31 53 2.55
20 PT NGNS 4 5 6.03 0.065 4.61 94.0 50.74 54 2.83
20 PT NGNS 4 6 6.03 0.065 4.61 94.0 50.74 54 2.83
20 PT NGNS 4 7 6.03 0.052 3.69 94.0 50.74 54 2.26
20 PT NGNS 4 8 6.03 0.054 3.83 94.0 50.74 54 2.35
21 PT NGNS 16 1 7.96 0.033 2.39 92.0 8.28 9 0.24
21 PT NGNS 16 2 7.96 0.033 2.39 92.0 8.28 9 0.24
21 PT NGNS 16 3 7.96 0.041 2.97 92.0 8.28 9 0.30
21 PT NGNS 16 4 7.96 0.041 2.97 92.0 8.28 9 0.30
21 PT NGNS 16 5 7.04 0.055 3.94 93.0 8.37 9 0.40
21 PT NGNS 16 6 7.04 0.058 4.16 93.0 8.37 9 0.43
21 PT NGNS 16 7 7.04 0.048 3.44 93.0 8.37 9 0.35
21 PT NGNS 16 8 7.04 0.043 3.08 93.0 8.37 9 0.32
22 PT GNS 2 1 7.04 0.092 6.60 93.0 8.27 8.9 0.67
22 PT GNS 2 2 7.04 0.1 7.17 93.0 8.27 8.9 0.73
22 PT GNS 2 3 7.04 0.08 5.74 93.0 8.27 8.9 0.58
22 PT GNS 2 4 7.04 0.084 6.02 93.0 8.27 8.9 0.61
22 PT GNS 2 5 6.01 0.07 4.96 94.0 8.98 9.55 0.54
22 PT GNS 2 6 6.01 0.079 5.60 94.0 8.98 9.55 0.61
22 PT GNS 2 7 6.01 0.078 5.53 94.0 8.98 9.55 0.60
22 PT GNS 2 8 6.01 0.08 5.67 94.0 8.98 9.55 0.62
23 PT GNS 4 1 8.03 0.082 5.94 92.0 7.36 8 0.54
23 PT GNS 4 2 8.03 0.082 5.94 92.0 7.36 8 0.54
23 PT GNS 4 3 8.03 0.081 5.87 92.0 7.36 8 0.53
23 PT GNS 4 4 8.03 0.083 6.02 92.0 7.36 8 0.55
23 PT GNS 4 5 7 0.078 5.59 93.0 8.37 9 0.57
23 PT GNS 4 6 7 0.091 6.52 93.0 8.37 9 0.67
23 PT GNS 4 7 7 0.083 5.95 93.0 8.37 9 0.61
23 PT GNS 4 8 7 0.083 5.95 93.0 8.37 9 0.61
24 PT GNS 16 1 6.97 0.094 6.74 93.0 7.79 8.37 0.64
24 PT GNS 16 2 6.97 0.096 6.88 93.0 7.79 8.37 0.65
24 PT GNS 16 3 6.97 0.094 6.74 93.0 7.79 8.37 0.64
24 PT GNS 16 4 6.97 0.092 6.59 93.0 7.79 8.37 0.63
24 PT GNS 16 5 7.06 0.08 5.74 92.9 7.96 8.56 0.56
24 PT GNS 16 6 7.06 0.069 4.95 92.9 7.96 8.56 0.48
24 PT GNS 16 7 7.06 0.075 5.38 92.9 7.96 8.56 0.52
24 PT GNS 16 8 7.06 0.081 5.81 92.9 7.96 8.56 0.57
25 PT GS 2 1 5.49 0.102 7.19 94.5 15.78 16.7 1.37
25 PT GS 2 2 5.49 0.104 7.34 94.5 15.78 16.7 1.39
25 PT GS 2 3 5.49 0.118 8.32 94.5 15.78 16.7 1.58
25 PT GS 2 4 5.49 0.108 7.62 94.5 15.78 16.7 1.45
25 PT GS 2 5 6.98 0.115 8.24 93.0 15.72 16.9 1.58
25 PT GS 2 6 6.98 0.108 7.74 93.0 15.72 16.9 1.49
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25 PT GS 2 6 6.98 0.108 7.74 93.0 15.72 16.9 1.49
25 PT GS 2 7 6.98 0.11 7.88 93.0 15.72 16.9 1.51
25 PT GS 2 8 6.98 0.113 8.10 93.0 15.72 16.9 1.56
26 PT GS 4 1 8 0.117 8.48 92.0 9.20 10 0.96
26 PT GS 4 2 8 0.115 8.33 92.0 9.20 10 0.95
26 PT GS 4 3 8 0.096 6.96 92.0 9.20 10 0.79
26 PT GS 4 4 8 0.094 6.81 92.0 9.20 10 0.77
26 PT GS 4 5 6.6 0.107 7.64 93.4 12.05 12.9 1.12
26 PT GS 4 6 6.6 0.1 7.14 93.4 12.05 12.9 1.05
26 PT GS 4 7 6.6 0.098 6.99 93.4 12.05 12.9 1.03
26 PT GS 4 8 6.6 0.101 7.21 93.4 12.05 12.9 1.06
27 PT GS 16 1 7.19 0.089 6.39 92.8 4.08 4.4 0.32
27 PT GS 16 2 7.19 0.087 6.25 92.8 4.08 4.4 0.31
27 PT GS 16 3 7.19 0.08 5.75 92.8 4.08 4.4 0.29
27 PT GS 16 4 7.19 0.068 4.88 92.8 4.08 4.4 0.24
27 PT GS 16 5 7.19 0.077 5.53 92.8 4.55 4.9 0.31
27 PT GS 16 6 7.19 0.078 5.60 92.8 4.55 4.9 0.31
27 PT GS 16 7 7.19 0.078 5.60 92.8 4.55 4.9 0.31
27 PT GS 16 8 7.19 0.094 6.75 92.8 4.55 4.9 0.38
28 1 10 0.788 58.37 90.0 90.00 100 66.36
28 2 10 0.807 59.77 90.0 90.00 100 67.96
28 3 10 0.745 55.18 90.0 90.00 100 62.74
29 1 12.05 0.154 1.20 88.0 87.95 100 1.37
29 2 12.05 0.15 1.17 88.0 87.95 100 1.33
29 3 12.05 0.18 1.41 88.0 87.95 100 1.60










Treat Enz Gelstor Time Rep PV MV BKD FV SBK TSB TP PT FDSWt
1 T NGNS 2 1 8.9167 2.5 6.4167 2.8333 0.3333 0.3333 4.0074 0 36
1 T NGNS 2 2 9.5833 2.6667 6.9167 3.5 0.8333 0.8333 4.0078 0 36
1 T NGNS 2 3 4.1667 3.6667 0.5 4.3333 0.6667 0.6666 5.247 0 9
2 T NGNS 4 1 3.6667 2.5 1.1667 2.8333 0.3333 0.3333 4.1381 0 11
2 T NGNS 4 2 6.6667 4.9167 1.75 5.1667 0.25 0.25 4.7581 0 7.8
3 T NGNS 16 1 4.4167 4 0.4167 4.6667 0.6667 0.6667 5.0507 0 10
3 T NGNS 16 2 11.0833 3.8333 7.25 4.0833 0.25 0.25 4.0404 0 36
3 T NGNS 16 3 10.3333 2.8333 7.5 3.3333 0.5 0.5 4.1385 0 36
4 T GNS 2 1 5.5833 4.75 0.8333 4.8333 0.0833 0.0833 5.8652 0 10.5
4 T GNS 2 2 5.6667 4.6667 1 5 0.3333 0.3333 6.4196 0 10.5
4 T GNS 2 3 4.5833 4.25 0.5 5.1667 0.9167 0.9167 6.3548 0 10.5
4 T GNS 2 4 4.75 4 0.6667 4.1667 0.1667 0.1667 2.0204 0 10.5
5 T GNS 4 1 5.5833 4.5833 1 5.1667 0.5833 0.5834 2.15 0 9.5
5 T GNS 4 2 4.25 3.75 0.5 4.3333 0.5833 0.5833 6.9085 0 9.5
5 T GNS 4 3 4.75 4.3333 0.5 5.0833 0.75 0.75 5.963 0 9.2
5 T GNS 4 4 4.75 4.3333 0.4167 4.6667 0.3333 0.3334 6.1911 0 9.2
6 T GNS 16 1 5.9167 5.25 0.6667 6.1667 0.9167 0.9167 6.3874 0 8
6 T GNS 16 2 6.0833 5.3333 0.75 6.5833 1.25 1.25 6.5833 0 8
6 T GNS 16 3 4.5833 4.1667 0.5833 5.0833 0.9167 0.9166 6.9093 0 7.2
7 T GS 2 1 8.8333 6.8333 1.5833 7.3333 0.5 0.5 2.8674 0 18.2
7 T GS 2 2 8.9167 7.5 1.25 8.75 1.25 1.25 2.0844 0 16.3
8 T GS 4 1 7.3333 5.75 1.5833 6.6667 0.9167 0.9167 6.9733 0 9.6
8 T GS 4 2 7.25 5.4167 1.8333 6.3333 0.9167 0.9166 5.5396 0 10
9 P NGNS 2 1 237.1667 132.4167 104.75 315 182.5833 182.5833 5.6704 86.45 83
9 P NGNS 2 2 227.4167 131 96.4167 310.75 179.75 179.75 5.9633 86.3 83
9 P NGNS 2 3 225.5 136.8333 88.6667 324.75 187.9167 187.9167 5.9967 86 79
9 P NGNS 2 4 219.9167 140 79.9167 324 184 184 6.0944 88.05 79
10 P NGNS 4 1 248.6667 136.5833 112.0833 307 170.4167 170.4167 5.9315 82.95 81
10 P NGNS 4 2 247.6667 137.8333 109.8333 307.9167 170.0833 170.0834 5.7685 81 81
10 P NGNS 4 3 250.5 137.4167 113.0833 302.25 164.8333 164.8333 5.9967 85.7 80
10 P NGNS 4 4 243.3333 131.25 112.0833 297.25 166 166 5.9637 84.9 80
11 P NGNS 16 1 268.25 150.25 118 363.75 213.5 213.5 6.0293 85.35 79.5
11 P NGNS 16 2 279.8333 156 123.8333 374.5 218.5 218.5 5.9641 84.35 79.5
11 P NGNS 16 3 167 29.5833 137.4167 72.75 43.1667 43.1667 5.4426 82.9 80.5
11 P NGNS 16 4 179.4167 32.3333 147.0833 81.0833 48.75 48.75 5.3763 82.65 80.5
12 P GNS 2 1 7.0833 4.6667 2.4167 5.5 0.8333 0.8333 4.1059 0 11.5
12 P GNS 2 2 7.1667 4.75 2.3333 4.8333 0.0833 0.0833 3.3556 0 11.5
12 P GNS 2 3 5.5833 3.9167 1.3333 4.25 0.3333 0.3333 3.6815 0 11.5
12 P GNS 2 4 5.5833 3.8333 1.4167 4.6667 0.8333 0.8334 3.6815 0 11.5
13 P GNS 4 1 4.3333 3.9167 0.6667 5.25 1.3333 1.3333 6.8104 0 8.65
13 P GNS 4 2 3.8333 2.8333 1 3.6667 0.8333 0.8334 4.8222 0 8.65
13 P GNS 4 3 6 3.9167 1.5 4.25 0.3333 0.3333 2.0522 0 15.7
13 P GNS 4 4 5.4167 3.8333 1.25 4.4167 0.5833 0.5834 2.0204 0 15.7
14 P GNS 16 1 7.1667 5.6667 1.5 8.25 2.5833 2.5833 6.9081 0 68
14 P GNS 16 2 7.25 5.6667 1.9167 8.5833 2.9167 2.9166 6.6148 0 68
14 P GNS 16 3 7.5 5.3333 2.1667 9.25 3.9167 3.9167 6.6811 0 57.9
14 P GNS 16 4 5.4167 4.5 0.9167 8.8333 4.3333 4.3333 5.507 0 57.9
15 P GS 2 1 8.4167 7.75 0.6667 10.8333 3.0833 3.0833 5.7359 0 73.8
15 P GS 2 2 7.25 5.8333 1.4167 9.25 3.4167 3.4167 5.67 0 73.8
15 P GS 2 3 7.25 6.6667 0.5833 8.8333 2.1667 2.1666 6.1919 0 94.2
16 P GS 4 1 7.1667 5.9167 1.25 8.8333 2.9167 2.9166 5.8659 0 68.2
16 P GS 4 2 9.0833 8.5 0.5833 10.75 2.25 2.25 6.6148 0 68.2
16 P GS 4 3 9.4167 8 1.4167 12.9167 4.9167 4.9167 5.3767 0 78.2
16 P GS 4 4 9.1667 7.9167 1.25 12.3333 4.4167 4.4166 5.4096 0 78.2
17 P GS 16 1 6.6667 5.4167 1.25 6.6667 1.25 1.25 6.3541 0 91.2
17 P GS 16 2 6.8333 5.25 1.75 8.1667 2.9167 2.9167 6.2248 0 79.2
18 PT NGNS 2 1 13.4167 4.5833 7.75 5.0833 0.5 0.5 3.7793 0 62
18 PT NGNS 2 2 12.6667 4.4167 7.0833 4.9167 0.5 0.5 3.8122 0 62
18 PT NGNS 2 3 8.5833 3 3.8333 3.5 0.5 0.5 3.6826 0 64
APPENDIX 2
RICE FLOUR RAW RVA DATA 
 114
Treat Enz Gelstor Time Rep PV MV BKD FV SBK TSB TP PT FDSWt
18 PT NGNS 2 4 9 3.5 3.75 4.1667 0.6667 0.6667 3.7144 0 64
19 PT NGNS 4 1 13.75 3.6667 9.1667 4 0.3333 0.3333 3.9426 81.5 53
19 PT NGNS 4 2 13.75 4 8.8333 4.1667 0.1667 0.1667 3.91 0 53
19 PT NGNS 4 3 9 3.5833 4.75 4.3333 0.75 0.75 3.8456 0 54
19 PT NGNS 4 4 9.5833 3.9167 4.5833 4.5833 0.6667 0.6666 3.8119 0 54
20 PT NGNS 16 1 4.75 3.67 0.75 3.92 0.25 0.25 2.21 0 9
20 PT NGNS 16 2 5 4.3333 0.6667 5 0.6667 0.6667 4.9856 0 9
21 PT GNS 2 1 4.4167 4.0833 0.5 4.8333 0.75 0.75 6.1589 0 8.9
21 PT GNS 2 2 6.0833 4.75 1.1667 5 0.25 0.25 2.2156 0 9.55
22 PT GNS 4 1 5.0833 4.75 0.5 5.5833 0.8333 0.8333 6.0293 0 8
22 PT GNS 4 2 5.0833 4.6667 0.5 5.0833 0.4167 0.4166 5.6048 0 9
23 PT GNS 16 1 6 5.3333 0.6667 5.3333 0 0 5.7685 0 8.37
23 PT GNS 16 2 5.8333 4.8333 0.9167 5.0833 0.25 0.25 2.0193 0 8.56
24 PT GS 2 1 5.0833 3.1667 1.1667 4.25 1.0833 1.0833 2.2478 0 16.7
24 PT GS 2 2 5.5 3.9167 1.0833 4.3333 0.4167 0.4166 2.2481 0 16.9
25 PT GS 4 1 6.9167 5.5 1.4167 5.8333 0.3333 0.3333 6.0293 0 10
25 PT GS 4 2 4.9167 4.0833 0.8333 4.5833 0.5 0.5 4.8552 0 12.9
26 1 5.75 4.4167 0.8333 4.9167 0.5 0.5 2.2811 0 100
26 2 5.75 4.4167 0.8333 4.9167 0.5 0.5 2.2811 0 100
27 1 235.0833 153.9167 81.1667 377.0833 223.1667 223.1666 5.4752 86.35 100
27 2 236.5833 155.3333 81.25 377.3333 222 222 5.5074 86.65 100
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Treat Enz GelStor Time Rep To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H
1 T NGNS 2 1 0 0 0 0 82.39 85.06 93.8 0.278 102.64 111.39 124.6 1.374
1 T NGNS 2 2 0 0 0 0 78.32 81.87 99.9 2.893 105.01 111.78 117.6 0.2379
1 T NGNS 2 3 56.59 63.69 72.3 0.2056 100.34 110.03 120.8 1.732 0 0 0 0
1 T NGNS 2 4 0 0 0 0 92.4 104.13 117.3 1.34 118.24 121.2 124.1 0.01339
2 T NGNS 4 1 0 0 0 0 82.39 85.06 94.7 0.278 102.64 111.39 124.9 1.374
2 T NGNS 4 2 64.71 67.84 79.2 0.08085 82.08 85.43 94.2 0.2401 101.22 110.93 135 2.694
2 T NGNS 4 3 0 0 0 0 0 0 0 0 101.79 110.72 129 1.68
2 T NGNS 4 4 0 0 0 0 0 0 0 0 100.48 109.71 127.1 1.878
3 T NGNS 16 1 0 0 0 0 100.7 110.59 124 1.809 0 0 0 0
3 T NGNS 16 2 59.25 64.79 73.1 0.1041 98.4 108.27 121.8 1.878 0 0 0 0
3 T NGNS 16 3 76.65 79.99 92.2 2.191 92.99 98.95 106.3 0.2848 108.55 112.71 120.3 0.159
3 T NGNS 16 4 76.97 80.25 92.8 2.143 93.02 97.97 103.6 0.2546 107.54 114.77 120 0.1221
4 T GNS 2 1 0 0 0 0 100.27 108.85 128 1.818 0 0 0 0
4 T GNS 2 2 0 0 0 0 100.07 108.81 127.9 1.771 0 0 0 0
4 T GNS 2 3 0 0 0 0 98.38 107.17 120.7 1.646 0 0 0 0
4 T GNS 2 4 0 0 0 0 100.58 109.51 128.2 2.027 0 0 0 0
5 T GNS 4 1 57.04 64.61 77.4 0.1399 80.17 85.11 91.7 0.04188 101.04 110.5 128 2.076
5 T GNS 4 2 60.16 67.36 78.8 0.1022 82.19 85.64 0.0513 101.61 110.8 127 1.954 1.954
5 T GNS 4 3 0 0 0 0 99.84 109.32 132 2.092 0 0 0 0
5 T GNS 4 4 0 0 0 0 97.6 107.81 129.7 1.958 0 0 0 0
6 T GNS 16 1 73.3 92.13 104.77 1.631 104.77 111.37 124.8 0.4998 0 0 0 0
6 T GNS 16 2 0 0 0 0 103.84 111.05 124.8 0.5102 0 0 0 0
6 T GNS 16 3 49.78 58.02 73.2 0.2238 108.24 109.49 133.47 1.448 133.47 133.55 138.5 0.1098
6 T GNS 16 4 56.02 62.93 76.8 0.137 98.75 106.65 122.1 1.113 0 0 0 0
7 T GS 2 1 73.14 90.09 107.5 2.732 107.54 113.5 120 0.2993 120.92 123.94 136.6 1.318
7 T GS 2 2 64.18 88.51 102.5 2.142 105.03 112.61 124.2 0.7306 128.98 131.02 133.4 0.01508
7 T GS 2 3 0 0 0 0 0 0 0 0 116.53 123.51 133.2 372.8
7 T GS 2 4 66.19 70.81 82.1 0.6319 84.17 87.44 97.5 0.3539 0 0 0 0
8 T GS 4 1 0 0 0 0 0 0 0 0 121.34 126.97 133.2 213.3
8 T GS 4 2 0 0 0 0 99.95 109.32 120 2.021 0 0 0 0
8 T GS 4 3 0 0 0 0 103.13 111.51 117 3.937 118.14 125.16 135 3.331
8 T GS 4 4 0 0 0 0 100.91 109.61 122.9 1.592 0 0 0 0
9 T GS 16 1 54.39 57.83 65.4 0.1054 99.65 108.56 123.8 1.328 0 0 0 0
9 T GS 16 2 0 0 0 0 99.46 107.76 119 1.602 119.53 120.05 125 0.05676
9 T GS 16 3 74.87 77.05 88.8 0.3463 102.77 108.31 122.3 1.871 0 0 0 0
9 T GS 16 4 0 0 0 0 99.14 108.15 118.7 1.41 0 0 0 0
10 P NGNS 2 1 61.43 76.84 92.1 117.7 102.03 104.98 113.6 7.516 126.88 129.03 133.8 0.701
10 P NGNS 2 2 72.68 76.28 86.01 2.541 102.24 102.81 107.8 0.3934 127.35 128.35 130.9 0.8433
10 P NGNS 2 3 70.74 75.82 91.9 3.168 94.84 101.21 111.6 0.5044 118.61 119.99 123.2 0.01148
10 P NGNS 2 4 70.8 75.94 92.95 3.132 92.79 101.21 108.1 0.3433 0 0 0 0
11 P NGNS 4 1 69.05 75.7 91.8 3.446 92.95 100.77 113.9 0.421 0 0 0 0
11 P NGNS 4 2 69.06 75.58 89.9 2.984 92.36 102.85 114.2 0.7973 0 0 0 0
11 P NGNS 4 3 43.78 52.02 88.5 144.9 88.51 88.87 93.2 4.305 104.51 108.27 119.4 5.429
11 P NGNS 4 4 70.13 76.34 91.1 3.323 93.63 101.19 107.1 0.2594 0 0 0 0
12 P NGNS 16 1 69.63 75.31 90 3.128 93.2 101.54 110.1 0.3184 125.97 127.26 132 0.01344
12 P NGNS 16 2 68.56 74.89 90.6 3.966 93.26 101.93 109.9 0.3302 0 0 0 0
12 P NGNS 16 3 69.03 74.9 91.1 3.531 93.43 101.86 107 0.3632 113.88 115.26 122.7 0.01827
12 P NGNS 16 4 46.33 53.59 82.7 157.1 95.5 99.28 115 49.99 0 0 0 0
13 P GNS 2 1 64.37 78.03 88 0.9571 99.9 108.88 119.6 0.9708 0 0 0 0
13 P GNS 2 2 53.43 65.81 73.7 0.4028 98.25 109.19 123.2 1.473 0 0 0 0
13 P GNS 2 3 42.98 50.52 60 0.4689 102.46 109.44 118.6 0.8333 0 0 0 0
13 P GNS 2 4 46.38 51.67 60.1 0.2149 101.51 109.53 120.8 0.8413 0 0 0 0
14 P GNS 4 1 66.42 78.7 91.2 0.2556 97.32 109.84 126.8 1.694 0 0 0 0
14 P GNS 4 2 70.05 81.89 90 0.1485 101.81 110.27 123.7 1.019 0 0 0 0
14 P GNS 4 3 73.1 81.81 95 0.8928 102.65 109.64 123.4 0.3395 0 0 0 0
14 P GNS 4 4 78.1 81.8 91 0.4534 102.78 109.89 117 0.5314 0 0 0 0
15 P GNS 16 1 48.23 86.95 125 8.169 0 0 0 0 0 0 0 0
15 P GNS 16 2 0 0 0 0 80.89 86.87 103 0.5997 103.66 106.74 117.2 0.4135
15 P GNS 16 3 54.41 61.72 71 0.1371 73.2 85.8 95 0.2409 124.81 133.84 143 0.05644
15 P GNS 16 4 0 0 0 0 80.72 97.62 122.4 3.663 0 0 0 0
16 P GS 2 1 47.99 66.15 94.1 3.896 97.49 102.21 112.1 0.4061 115.56 118.92 125 0.06275
16 P GS 2 2 49.32 65.04 92.6 3.058 94.82 101.52 112.1 0.4215 114.08 117.84 125.9 0.07388
16 P GS 2 3 0 0 0 0 93.79 99.67 112.5 0.4509 115.98 116.55 123.7 0.3095
16 P GS 2 4 49.75 51.57 65 3.332 71.14 85.83 94.9 1.925 96.56 101.7 111.8 0.3031
17 P GS 4 1 67.09 80.05 96 0.5933 96.23 103.54 112.3 0.4629 0 0 0 0
17 P GS 4 2 49.5 57.35 69.7 0.438 72.08 79.9 91.7 0.3899 95.82 103 114.8 0.5261
17 P GS 4 3 48.55 56.71 73.1 0.9702 92.43 101.86 112.4 0.7917 119.36 122.64 132.8 0.2006
17 P GS 4 4 54.55 54.82 71.6 1.021 92.77 95.16 110.6 0.9618 0 0 0 0
18 P GS 16 1 0 0 0 0 84.46 92.54 112.7 3.865 112.84 114.64 123.1 0.04212
18 P GS 16 2 0 0 0 0 62.55 87.81 113.1 6.241 0 0 0 0
18 P GS 16 3 51.37 55.99 71.8 0.1874 78.01 84.27 99 0.8996 110 117 123.8 0.1498
18 P GS 16 4 50.98 57.97 67.4 0.1655 80.33 87.89 93.4 0.1284 94.2 100.21 108.7 0.2017
APPENDIX 3
RICE FLOUR DSC RAW DATA
First Transition (Gelatinization) Second Transition (Amylose-lipid Complex) Third Transition(Resistant Starch)
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Treat Enz GelStor Time Rep To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H
10 P NGNS 2 3 70.74 75.82 91.9 3.168 94.84 101.21 111.6 0.5044 118.61 119.99 123.2 0.01148
10 P NGNS 2 4 70.8 75.94 92.95 3.132 92.79 101.21 108.1 0.3433 0 0 0 0
11 P NGNS 4 1 69.05 75.7 91.8 3.446 92.95 100.77 113.9 0.421 0 0 0 0
11 P NGNS 4 2 69.06 75.58 89.9 2.984 92.36 102.85 114.2 0.7973 0 0 0 0
11 P NGNS 4 3 43.78 52.02 88.5 144.9 88.51 88.87 93.2 4.305 104.51 108.27 119.4 5.429
11 P NGNS 4 4 70.13 76.34 91.1 3.323 93.63 101.19 107.1 0.2594 0 0 0 0
12 P NGNS 16 1 69.63 75.31 90 3.128 93.2 101.54 110.1 0.3184 125.97 127.26 132 0.01344
12 P NGNS 16 2 68.56 74.89 90.6 3.966 93.26 101.93 109.9 0.3302 0 0 0 0
12 P NGNS 16 3 69.03 74.9 91.1 3.531 93.43 101.86 107 0.3632 113.88 115.26 122.7 0.01827
12 P NGNS 16 4 46.33 53.59 82.7 157.1 95.5 99.28 115 49.99 0 0 0 0
13 P GNS 2 1 64.37 78.03 88 0.9571 99.9 108.88 119.6 0.9708 0 0 0 0
13 P GNS 2 2 53.43 65.81 73.7 0.4028 98.25 109.19 123.2 1.473 0 0 0 0
13 P GNS 2 3 42.98 50.52 60 0.4689 102.46 109.44 118.6 0.8333 0 0 0 0
13 P GNS 2 4 46.38 51.67 60.1 0.2149 101.51 109.53 120.8 0.8413 0 0 0 0
14 P GNS 4 1 66.42 78.7 91.2 0.2556 97.32 109.84 126.8 1.694 0 0 0 0
14 P GNS 4 2 70.05 81.89 90 0.1485 101.81 110.27 123.7 1.019 0 0 0 0
14 P GNS 4 3 73.1 81.81 95 0.8928 102.65 109.64 123.4 0.3395 0 0 0 0
14 P GNS 4 4 78.1 81.8 91 0.4534 102.78 109.89 117 0.5314 0 0 0 0
15 P GNS 16 1 48.23 86.95 125 8.169 0 0 0 0 0 0 0 0
15 P GNS 16 2 0 0 0 0 80.89 86.87 103 0.5997 103.66 106.74 117.2 0.4135
15 P GNS 16 3 54.41 61.72 71 0.1371 73.2 85.8 95 0.2409 124.81 133.84 143 0.05644
15 P GNS 16 4 0 0 0 0 80.72 97.62 122.4 3.663 0 0 0 0
16 P GS 2 1 47.99 66.15 94.1 3.896 97.49 102.21 112.1 0.4061 115.56 118.92 125 0.06275
16 P GS 2 2 49.32 65.04 92.6 3.058 94.82 101.52 112.1 0.4215 114.08 117.84 125.9 0.07388
16 P GS 2 3 0 0 0 0 93.79 99.67 112.5 0.4509 115.98 116.55 123.7 0.3095
16 P GS 2 4 49.75 51.57 65 3.332 71.14 85.83 94.9 1.925 96.56 101.7 111.8 0.3031
17 P GS 4 1 67.09 80.05 96 0.5933 96.23 103.54 112.3 0.4629 0 0 0 0
17 P GS 4 2 49.5 57.35 69.7 0.438 72.08 79.9 91.7 0.3899 95.82 103 114.8 0.5261
17 P GS 4 3 48.55 56.71 73.1 0.9702 92.43 101.86 112.4 0.7917 119.36 122.64 132.8 0.2006
17 P GS 4 4 54.55 54.82 71.6 1.021 92.77 95.16 110.6 0.9618 0 0 0 0
18 P GS 16 1 0 0 0 0 84.46 92.54 112.7 3.865 112.84 114.64 123.1 0.04212
18 P GS 16 2 0 0 0 0 62.55 87.81 113.1 6.241 0 0 0 0
18 P GS 16 3 51.37 55.99 71.8 0.1874 78.01 84.27 99 0.8996 110 117 123.8 0.1498
18 P GS 16 4 50.98 57.97 67.4 0.1655 80.33 87.89 93.4 0.1284 94.2 100.21 108.7 0.2017
19 PT NGNS 2 1 71.36 77.73 89.9 2.818 89.93 97.27 104.7 0.2049 107.53 114.24 120.2 0.1015
19 PT NGNS 2 2 72.19 78 91.7 3.027 93.43 100.29 107.1 0.2246 0 0 0 0
19 PT NGNS 2 3 71.43 78.1 89.7 2.439 89.72 91.39 97.2 0.07394 121.57 123.29 132.3 0.08403
19 PT NGNS 2 4 71.93 78.88 103.1 3.867 108.98 115.47 122.4 0.1262 0 0 0 0
20 PT NGNS 4 1 73.74 78.18 92.5 4.346 94.44 98.7 104.7 0.1486 110.22 115.5 133.6 1.87
20 PT NGNS 4 2 74.41 78.01 93.36 2.694 93.36 96.89 103.6 0.2023 105.63 112.87 121.1 0.1631
20 PT NGNS 4 3 74.99 78.89 92 2.655 92.31 96.73 104.1 0.1024 108.94 115.12 122.2 0.1065
20 PT NGNS 4 4 70.14 76.22 88.7 3.032 88.77 90.55 96.8 0.1743 96.83 101.64 106.8 0.08253
21 PT NGNS 16 1 0 0 0 0 98.83 106.8 122 1.108 0 0 0 0
21 PT NGNS 16 2 0 0 0 0 96.11 106.65 115.9 1.212 0 0 0 0
21 PT NGNS 16 3 0 0 0 0 96.09 104.09 114.8 1.09 0 0 0 0
21 PT NGNS 16 4 0 0 0 0 97.23 106.85 119.1 1.512 0 0 0 0
22 PT GNS 2 1 0 0 0 0 98.97 107.04 127 1.46 0 0 0 0
22 PT GNS 2 2 52.92 61.7 75 0.1917 100.95 108.83 122.1 1.127 0 0 0 0
22 PT GNS 2 3 62.57 66.64 80.6 0.09577 94.43 103.3 106 1.079 0 0 0 0
22 PT GNS 2 4 0 0 0 0 96.34 105.61 120.6 1.299 0 0 0 0
23 PT GNS 4 1 0 0 0 0 101.47 109.53 122 1.229 0 0 0 0
23 PT GNS 4 2 0 0 0 0 100.67 108.64 124 1.312 0 0 0 0
23 PT GNS 4 3 0 0 0 0 100.14 109.12 123.6 1.592 0 0 0 0
23 PT GNS 4 4 0 0 0 0 98.36 107.76 122.4 1.593 0 0 0 0
24 PT GNS 16 1 74.92 78.97 89 0.2256 89.66 92.86 103.8 0.1758 105.61 111.37 120.9 0.3705
24 PT GNS 16 2 0 0 0 0 103.61 111.05 127.2 0.6034 0 0 0 0
24 PT GNS 16 3 0 0 0 0 98.63 108.33 121.7 1.696 0 0 0 0
24 PT GNS 16 4 0 0 0 0 98.62 108.33 122 1.72 0 0 0 0
25 PT GS 2 1 0 0 0 0 70.22 86.23 106.2 2.919 108.1 112.56 122.5 0.2921
25 PT GS 2 2 64.44 70.95 76.2 0.2515 77.63 87.42 94.8 0.7655 109.45 112.73 114.9 0.1168
25 PT GS 2 3 0 0 0 0 0 0 0 0 0 0 0 0
25 PT GS 2 4 0 0 0 0 0 0 0 0 108.28 121.07 134.8 350.6
26 PT GS 4 1 47.61 53.12 62.2 0.2948 0 0 0 0 105.19 11.98 123.2 0.7052
26 PT GS 4 2 0 0 0 0 99.56 99.61 105 0.3926 105.87 111.35 120.2 0.5157
26 PT GS 4 3 69.88 82.75 97.1 0.9085 101.79 111.48 123.7 1.318 0 0 0 0
26 PT GS 4 4 0 0 0 0 97.05 101.94 104.7 1.93 106.42 107.41 125,3 3.349
27 PT GS 16 1 0 0 0 0 93 96.57 105.9 0.7747 108.47 114.65 128.2 6.923
27 PT GS 16 2 0 0 0 0 101.3 108.6 122.1 1.7 123.22 130.15 135 0.2509
27 PT GS 16 3 0 0 0 0 96.29 107.96 126 2.415 0 0 0 0
27 PT GS 16 4 0 0 0 0 88.82 93.65 97.8 0.7513 106.11 120.79 137 154.2
28 1 0 0 0 0 0 0 0 0 101.16 118.51 132.5 3.685
28 2 0 0 0 0 0 0 0 0 101.16 118.51 132.5 3.685
29 1 70.85 77.78 92 2.845 94.24 100.05 106 0.1842 117.96 119.26 128 0.1724





RICE FLOUR DSC RAW DATA
First Transition (Gelatinization) Second Transition (Amylose-lipid Complex) Third Transition(Resistant Starch)
 117
Treat Enz Gelstor Time Rep Moisture Absorb RSYield % DryWt % DrySWt (g) FDSWt (g) TrueYield %
1 T NGNS 2 1 8.92 0.07 5.27 91.08 63.76 70.00 3.86
1 T NGNS 2 2 8.92 0.07 5.42 91.08 63.76 70.00 3.97
1 T NGNS 2 3 8.92 0.10 7.17 91.08 63.76 70.00 5.26
1 T NGNS 2 4 8.92 0.09 6.44 91.08 63.76 70.00 4.72
1 T NGNS 2 5 6.43 1.25 9.20 93.57 65.50 70.00 6.93
1 T NGNS 2 6 6.43 1.21 8.86 93.57 65.50 70.00 6.68
1 T NGNS 2 7 6.43 1.27 9.30 93.57 65.50 70.00 7.01
1 T NGNS 2 8 6.43 1.17 8.57 93.57 65.50 70.00 6.46
2 T NGNS 4 1 8.96 0.07 5.20 91.04 55.53 61.00 3.32
2 T NGNS 4 2 8.96 0.08 5.49 91.04 55.53 61.00 3.51
2 T NGNS 4 3 8.96 0.06 4.39 91.04 55.53 61.00 2.81
2 T NGNS 4 4 8.96 0.06 4.39 91.04 55.53 61.00 2.81
2 T NGNS 4 5 9.11 0.07 5.21 90.89 54.53 60.00 3.27
2 T NGNS 4 6 9.11 0.07 5.28 90.89 54.53 60.00 3.31
2 T NGNS 4 7 9.11 0.07 5.13 90.89 54.53 60.00 3.22
2 T NGNS 4 8 9.11 0.07 5.13 90.89 54.53 60.00 3.22
3 T NGNS 16 1 10.96 0.74 55.48 89.04 22.26 25.00 14.20
3 T NGNS 16 2 10.96 0.66 49.64 89.04 22.26 25.00 12.71
3 T NGNS 16 3 10.96 0.80 59.97 89.04 22.26 25.00 15.35
3 T NGNS 16 4 10.96 0.84 62.89 89.04 22.26 25.00 16.10
3 T NGNS 16 5 8.82 0.82 59.59 91.18 22.80 25.00 15.62
3 T NGNS 16 6 8.82 0.80 58.56 91.18 22.80 25.00 15.35
3 T NGNS 16 7 8.82 0.70 51.40 91.18 22.80 25.00 13.48
3 T NGNS 16 8 8.82 0.70 51.18 91.18 22.80 25.00 13.42
4 T GNS 2 1 6.61 0.28 20.13 93.39 1.03 1.10 0.24
4 T GNS 2 2 6.61 0.28 20.27 93.39 1.03 1.10 0.24
4 T GNS 2 3 6.61 0.35 25.05 93.39 1.03 1.10 0.30
4 T GNS 2 4 6.61 0.35 25.27 93.39 1.03 1.10 0.30
4 T GNS 2 5 6.61 0.30 21.06 93.39 0.93 1.00 0.23
4 T GNS 2 6 6.61 0.28 20.20 93.39 0.93 1.00 0.22
4 T GNS 2 7 6.61 0.45 32.19 93.39 0.93 1.00 0.35
4 T GNS 2 8 6.61 0.44 31.41 93.39 0.93 1.00 0.34
5 T GNS 4 1 5.10 0.34 23.95 94.90 0.73 0.77 0.20
5 T GNS 4 2 5.10 0.38 26.55 94.90 0.73 0.77 0.22
5 T GNS 4 3 5.10 0.30 21.07 94.90 0.73 0.77 0.18
5 T GNS 4 4 5.10 0.33 22.83 94.90 0.73 0.77 0.19
5 T GNS 4 5 5.10 0.38 26.34 94.90 0.81 0.85 0.24
5 T GNS 4 6 5.10 0.37 25.99 94.90 0.81 0.85 0.24
5 T GNS 4 7 5.10 0.39 27.26 94.90 0.81 0.85 0.25
5 T GNS 4 8 5.10 0.39 27.26 94.90 0.81 0.85 0.25
6 T GNS 16 1 5.75 0.38 26.52 94.25 0.75 0.80 0.23
6 T GNS 16 2 5.75 0.28 19.80 94.25 0.75 0.80 0.17
6 T GNS 16 3 5.75 0.35 24.61 94.25 0.75 0.80 0.21
6 T GNS 16 4 5.75 0.38 26.88 94.25 0.75 0.80 0.23
6 T GNS 16 5 5.75 0.44 31.05 94.25 1.01 1.07 0.36
6 T GNS 16 6 5.75 0.43 30.06 94.25 1.01 1.07 0.35
6 T GNS 16 7 5.75 0.29 20.37 94.25 1.01 1.07 0.24
6 T GNS 16 8 5.75 0.29 20.30 94.25 1.01 1.07 0.24
7 T GS 2 1 8.00 0.55 39.71 92.00 9.11 9.90 4.16
7 T GS 2 2 8.00 0.53 38.19 92.00 9.11 9.90 4.00
7 T GS 2 3 8.00 0.71 51.74 92.00 9.11 9.90 5.42
7 T GS 2 4 8.00 0.73 52.90 92.00 9.11 9.90 5.54
APPENDIX 4
RICE STARCH RESISTANT STARCH RAW DATA
 118
Treat Enz Gelstor Time Rep Moisture Absorb RSYield % DryWt % DrySWt (g) FDSWt (g) TrueYield %
7 T GS 2 5 8.00 0.77 55.58 92.00 6.72 7.30 4.29
7 T GS 2 6 8.00 0.74 53.62 92.00 6.72 7.30 4.14
7 T GS 2 7 8.00 0.63 45.87 92.00 6.72 7.30 3.54
7 T GS 2 8 8.00 0.69 50.21 92.00 6.72 7.30 3.88
8 T GS 4 1 7.63 0.88 63.44 92.37 4.28 4.63 3.12
8 T GS 4 2 7.63 0.82 59.47 92.37 4.28 4.63 2.93
8 T GS 4 3 7.63 1.07 77.51 92.37 4.28 4.63 3.81
8 T GS 4 4 7.63 1.12 80.54 92.37 4.28 4.63 3.96
8 T GS 4 5 7.87 1.08 78.36 92.13 4.09 4.44 3.69
8 T GS 4 6 7.87 1.05 75.61 92.13 4.09 4.44 3.56
8 T GS 4 7 7.87 0.88 63.67 92.13 4.09 4.44 3.00
8 T GS 4 8 7.87 0.94 67.87 92.13 4.09 4.44 3.19
9 T GS 16 1 12.30 0.90 68.26 87.70 2.59 2.95 2.03
9 T GS 16 2 12.30 0.92 69.78 87.70 2.59 2.95 2.08
9 T GS 16 3 12.30 0.88 67.12 87.70 2.59 2.95 2.00
9 T GS 16 4 12.30 0.92 70.08 87.70 2.59 2.95 2.09
9 T GS 16 5 12.30 0.90 68.49 87.70 3.23 3.68 2.54
9 T GS 16 6 12.30 0.90 68.41 87.70 3.23 3.68 2.54
9 T GS 16 7 12.30 0.80 60.81 87.70 3.23 3.68 2.26
9 T GS 16 8 12.30 0.84 63.93 87.70 3.23 3.68 2.37
10 P NGNS 2 1 6.97 0.53 38.19 93.03 67.91 73.00 29.83
10 P NGNS 2 2 6.97 0.56 40.20 93.03 67.91 73.00 31.40
10 P NGNS 2 3 6.97 0.45 32.17 93.03 67.91 73.00 25.13
10 P NGNS 2 4 6.97 0.46 32.82 93.03 67.91 73.00 25.64
10 P NGNS 2 5 5.98 1.01 71.40 94.02 76.16 81.00 62.54
10 P NGNS 2 6 5.98 1.00 70.90 94.02 76.16 81.00 62.11
10 P NGNS 2 7 5.98 0.74 52.33 94.02 76.16 81.00 45.84
10 P NGNS 2 8 5.98 0.73 51.83 94.02 76.16 81.00 45.40
11 P NGNS 4 1 8.05 1.03 74.46 91.95 75.40 82.00 64.57
11 P NGNS 4 2 8.05 0.98 71.12 91.95 75.40 82.00 61.68
11 P NGNS 4 3 8.05 0.90 65.32 91.95 75.40 82.00 56.65
11 P NGNS 4 4 8.05 1.00 72.28 91.95 75.40 82.00 62.69
11 P NGNS 4 5 5.97 1.28 90.89 94.03 73.34 78.00 76.67
11 P NGNS 4 6 5.97 1.13 80.25 94.03 73.34 78.00 67.70
11 P NGNS 4 7 5.97 0.84 59.84 94.03 73.34 78.00 50.48
11 P NGNS 4 8 5.97 0.81 57.50 94.03 73.34 78.00 48.50
12 P NGNS 16 1 6.98 0.58 41.85 93.02 77.21 83.00 37.17
12 P NGNS 16 2 6.98 0.57 41.06 93.02 77.21 83.00 36.47
12 P NGNS 16 3 6.98 0.39 28.16 93.02 77.21 83.00 25.01
12 P NGNS 16 4 6.98 0.38 27.38 93.02 77.21 83.00 24.31
12 P NGNS 16 5 6.03 0.95 67.11 93.97 77.06 82.00 59.48
12 P NGNS 16 6 6.03 0.82 58.24 93.97 77.06 82.00 51.62
12 P NGNS 16 7 6.03 0.92 64.98 93.97 77.06 82.00 57.59
12 P NGNS 16 8 6.03 0.88 62.14 93.97 77.06 82.00 55.08
13 P GNS 2 1 6.01 0.19 13.48 93.99 21.62 23.00 3.35
13 P GNS 2 2 6.01 0.17 12.06 93.99 21.62 23.00 3.00
13 P GNS 2 3 6.01 0.27 19.22 93.99 21.62 23.00 4.78
13 P GNS 2 4 6.01 0.27 19.15 93.99 21.62 23.00 4.76
13 P GNS 2 5 5.94 0.19 13.54 94.06 25.30 26.90 3.94
13 P GNS 2 6 5.94 0.19 13.11 94.06 25.30 26.90 3.82
13 P GNS 2 7 5.94 0.07 4.96 94.06 25.30 26.90 1.44
13 P GNS 2 8 5.94 0.07 5.10 94.06 25.30 26.90 1.49
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14 P GNS 4 1 6.01 0.24 16.88 93.99 22.37 23.80 4.34
14 P GNS 4 2 6.01 0.24 16.74 93.99 22.37 23.80 4.31
14 P GNS 4 3 6.01 0.19 13.76 93.99 22.37 23.80 3.54
14 P GNS 4 4 6.01 0.19 13.33 93.99 22.37 23.80 3.43
14 P GNS 4 5 5.21 1.89 13.65 94.79 23.22 24.50 3.65
14 P GNS 4 6 5.21 1.83 13.26 94.79 23.22 24.50 3.54
14 P GNS 4 7 5.21 0.22 15.75 94.79 23.22 24.50 4.21
14 P GNS 4 8 5.21 0.21 14.42 94.79 23.22 24.50 3.85
15 P GNS 16 1 4.40 0.37 25.59 95.60 74.09 77.50 21.81
15 P GNS 16 2 4.40 0.38 26.36 95.60 74.09 77.50 22.46
15 P GNS 16 3 4.40 0.46 32.29 95.60 74.09 77.50 27.51
15 P GNS 16 4 4.40 0.46 31.80 95.60 74.09 77.50 27.10
15 P GNS 16 5 5.06 0.42 29.14 94.94 33.13 34.90 11.11
15 P GNS 16 6 5.06 0.41 29.00 94.94 33.13 34.90 11.05
15 P GNS 16 7 5.06 0.43 29.98 94.94 33.13 34.90 11.43
15 P GNS 16 8 5.06 0.47 32.72 94.94 33.13 34.90 12.47
16 P GS 2 1 7.00 0.28 20.14 93.00 71.42 76.80 16.55
16 P GS 2 2 7.00 0.26 18.85 93.00 71.42 76.80 15.49
16 P GS 2 3 7.00 0.23 16.34 93.00 71.42 76.80 13.43
16 P GS 2 4 7.00 0.24 17.20 93.00 71.42 76.80 14.13
16 P GS 2 5 7.06 0.29 20.59 92.94 74.07 79.70 17.54
16 P GS 2 6 7.06 0.27 19.65 92.94 74.07 79.70 16.74
16 P GS 2 7 7.06 0.28 20.30 92.94 74.07 79.70 17.29
16 P GS 2 8 7.06 0.29 21.02 92.94 74.07 79.70 17.91
17 P GS 4 1 5.03 0.31 21.69 94.97 65.15 68.60 16.25
17 P GS 4 2 5.03 0.32 22.46 94.97 65.15 68.60 16.83
17 P GS 4 3 5.03 2.30 16.64 94.97 65.15 68.60 12.47
17 P GS 4 4 5.03 2.34 16.92 94.97 65.15 68.60 12.68
17 P GS 4 5 4.30 0.36 25.22 95.70 66.51 69.50 19.29
17 P GS 4 6 4.30 0.35 24.59 95.70 66.51 69.50 18.81
17 P GS 4 7 4.30 0.26 18.39 95.70 66.51 69.50 14.07
17 P GS 4 8 4.30 0.28 19.30 95.70 66.51 69.50 14.76
18 P GS 16 1 7.88 0.41 29.67 92.12 73.33 79.60 25.02
18 P GS 16 2 7.88 0.41 29.38 92.12 73.33 79.60 24.78
18 P GS 16 3 7.88 0.35 25.33 92.12 73.33 79.60 21.36
18 P GS 16 4 7.88 0.37 26.49 92.12 73.33 79.60 22.34
18 P GS 16 5 7.53 0.35 25.38 92.47 72.03 77.90 21.03
18 P GS 16 6 7.53 0.36 26.10 92.47 72.03 77.90 21.62
18 P GS 16 7 7.53 0.35 25.09 92.47 72.03 77.90 20.79
18 P GS 16 8 7.53 0.37 26.67 92.47 72.03 77.90 22.10
19 PT NGNS 2 1 11.05 0.57 42.87 88.95 44.48 50.00 21.93
19 PT NGNS 2 2 11.05 0.58 43.32 88.95 44.48 50.00 22.16
19 PT NGNS 2 3 11.05 0.43 32.00 88.95 44.48 50.00 16.37
19 PT NGNS 2 4 11.05 0.46 34.10 88.95 44.48 50.00 17.44
19 PT NGNS 2 5 5.01 0.55 38.88 94.99 51.29 54.00 22.94
19 PT NGNS 2 6 5.01 0.60 41.76 94.99 51.29 54.00 24.64
19 PT NGNS 2 7 5.01 0.46 32.28 94.99 51.29 54.00 19.05
19 PT NGNS 2 8 5.01 0.47 32.98 94.99 51.29 54.00 19.46
20 PT NGNS 4 1 6.02 0.74 52.70 93.98 40.41 43.00 24.50
20 PT NGNS 4 2 6.02 0.76 53.91 93.98 40.41 43.00 25.06
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20 PT NGNS 4 3 6.02 0.57 40.72 93.98 40.41 43.00 18.93
20 PT NGNS 4 4 6.02 0.58 41.42 93.98 40.41 43.00 19.26
20 PT NGNS 4 5 8.01 0.80 57.61 91.99 39.56 43.00 26.21
20 PT NGNS 4 6 8.01 0.80 57.83 91.99 39.56 43.00 26.31
20 PT NGNS 4 7 8.01 0.64 46.38 91.99 39.56 43.00 21.10
20 PT NGNS 4 8 8.01 0.65 47.10 91.99 39.56 43.00 21.43
21 PT NGNS 16 1 7.52 0.19 13.84 92.48 1.02 1.10 0.16
21 PT NGNS 16 2 7.52 0.17 12.40 92.48 1.02 1.10 0.15
21 PT NGNS 16 3 7.52 0.20 14.63 92.48 1.02 1.10 0.17
21 PT NGNS 16 4 7.52 0.17 12.54 92.48 1.02 1.10 0.15
21 PT NGNS 16 5 7.52 0.17 12.25 92.48 1.66 1.80 0.23
21 PT NGNS 16 6 7.52 0.15 10.81 92.48 1.66 1.80 0.21
21 PT NGNS 16 7 7.52 0.17 11.97 92.48 1.66 1.80 0.23
21 PT NGNS 16 8 7.52 0.16 11.68 92.48 1.66 1.80 0.22
22 PT GNS 2 1 4.80 0.31 21.57 95.20 1.33 1.40 0.33
22 PT GNS 2 2 4.80 0.31 21.78 95.20 1.33 1.40 0.33
22 PT GNS 2 3 4.80 0.32 22.55 95.20 1.33 1.40 0.35
22 PT GNS 2 4 4.80 0.34 23.81 95.20 1.33 1.40 0.36
22 PT GNS 2 5 4.80 0.32 22.20 95.20 2.00 2.10 0.51
22 PT GNS 2 6 4.80 0.31 21.43 95.20 2.00 2.10 0.49
22 PT GNS 2 7 4.80 0.27 19.19 95.20 2.00 2.10 0.44
22 PT GNS 2 8 4.80 0.29 20.59 95.20 2.00 2.10 0.47
23 PT GNS 4 1 3.83 0.38 26.62 96.17 1.44 1.50 0.44
23 PT GNS 4 2 3.83 0.40 27.87 96.17 1.44 1.50 0.46
23 PT GNS 4 3 3.83 0.15 10.54 96.17 1.44 1.50 0.17
23 PT GNS 4 4 3.83 0.18 12.20 96.17 1.44 1.50 0.20
23 PT GNS 4 5 3.83 0.39 26.90 96.17 1.25 1.30 0.39
23 PT GNS 4 6 3.83 0.39 26.76 96.17 1.25 1.30 0.38
23 PT GNS 4 7 3.83 0.38 26.20 96.17 1.25 1.30 0.38
23 PT GNS 4 8 3.83 0.41 28.42 96.17 1.25 1.30 0.41
24 PT GNS 16 1 4.32 0.47 33.02 95.68 1.24 1.30 0.47
24 PT GNS 16 2 4.32 0.49 34.21 95.68 1.24 1.30 0.49
24 PT GNS 16 3 4.32 0.46 32.05 95.68 1.24 1.30 0.46
24 PT GNS 16 4 4.32 0.45 31.00 95.68 1.24 1.30 0.44
24 PT GNS 16 5 4.32 0.60 41.94 95.68 1.58 1.65 0.76
24 PT GNS 16 6 4.32 0.62 43.48 95.68 1.58 1.65 0.79
24 PT GNS 16 7 4.32 0.55 38.32 95.68 1.58 1.65 0.70
24 PT GNS 16 8 4.32 0.55 38.53 95.68 1.58 1.65 0.70
25 PT GS 2 1 6.10 0.70 49.70 93.90 9.67 10.30 5.53
25 PT GS 2 2 6.10 0.66 47.00 93.90 9.67 10.30 5.23
25 PT GS 2 3 6.10 0.78 55.59 93.90 9.67 10.30 6.18
25 PT GS 2 4 6.10 0.78 55.59 93.90 9.67 10.30 6.18
25 PT GS 2 5 6.96 0.47 33.39 93.04 12.56 13.50 4.82
25 PT GS 2 6 6.96 0.47 33.82 93.04 12.56 13.50 4.89
25 PT GS 2 7 6.96 0.41 29.66 93.04 12.56 13.50 4.29
25 PT GS 2 8 6.96 0.43 30.67 93.04 12.56 13.50 4.43
26 PT GS 4 1 6.40 0.52 36.89 93.60 1.87 2.00 0.79
26 PT GS 4 2 6.40 0.51 36.39 93.60 1.87 2.00 0.78
26 PT GS 4 3 6.40 0.48 34.40 93.60 1.87 2.00 0.74
26 PT GS 4 4 6.40 0.46 32.62 93.60 1.87 2.00 0.70
26 PT GS 4 5 6.49 0.36 25.95 93.51 9.82 10.50 2.93
26 PT GS 4 6 6.49 0.34 24.10 93.51 9.82 10.50 2.72
26 PT GS 4 7 6.49 0.40 28.16 93.51 9.82 10.50 3.18
26 PT GS 4 8 6.49 0.39 27.80 93.51 9.82 10.50 3.14
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27 PT GS 16 1 6.49 0.84 59.88 93.51 2.43 2.60 1.67
27 PT GS 16 2 6.49 0.88 62.73 93.51 2.43 2.60 1.75
27 PT GS 16 3 6.49 1.05 75.00 93.51 2.43 2.60 2.10
27 PT GS 16 4 6.49 1.10 78.56 93.51 2.43 2.60 2.20
27 PT GS 16 5 6.49 0.49 35.07 93.51 0.95 1.02 0.38
27 PT GS 16 6 6.49 0.48 34.50 93.51 0.95 1.02 0.38
27 PT GS 16 7 6.49 0.50 35.57 93.51 0.95 1.02 0.39
27 PT GS 16 8 6.49 0.52 36.93 93.51 0.95 1.02 0.41
28 1 10.00 0.79 58.37 90.00 90.00 100.00 58.37
28 2 10.00 0.81 59.77 90.00 90.00 100.00 59.77
28 3 10.00 0.75 55.18 90.00 90.00 100.00 55.18
29 1 13.06 0.68 5.40 86.94 86.94 100.00 5.40
29 2 13.06 0.75 5.89 86.94 86.94 100.00 5.89
29 3 13.06 0.64 5.04 86.94 86.94 100.00 5.04
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1 T NGNS 2 1 131.42 4.50 126.92 5.67 0.00 0.00 4.07 79.40 70
1 T NGNS 2 2 130.00 4.67 125.33 5.92 0.00 0.00 4.04 79.35 70
1 T NGNS 2 3 69.92 3.83 66.08 4.92 0.00 0.00 3.88 79.40 70
1 T NGNS 2 4 72.58 3.75 68.83 6.17 0.00 0.00 4.50 84.50 70
2 T NGNS 4 1 95.25 3.75 91.50 4.42 0.00 0.00 3.94 80.55 61
2 T NGNS 4 2 94.33 3.92 90.42 4.50 0.00 0.00 3.94 80.45 61
2 T NGNS 4 3 39.75 3.92 35.83 4.67 0.00 0.00 3.81 80.20 60
2 T NGNS 4 4 39.17 3.83 35.33 4.83 1.00 0.00 3.85 80.20 60
3 T NGNS 16 1 71.75 6.42 65.33 9.08 0.00 0.00 4.66 86.05 25
3 T NGNS 16 2 69.25 4.08 65.17 6.50 0.00 0.00 4.63 85.65 25
3 T NGNS 16 3 64.92 2.58 62.33 5.17 0.00 0.00 4.56 85.30 25
3 T NGNS 16 4 71.92 4.58 67.33 5.58 0.00 0.00 3.88 79.45 25
4 T GS 4 1 7.8333 4.4167 2.9167 5.5 0 0.00 3.2578 0.00 4.63
4 T GS 4 2 7.5 2.5833 4 3.8333 0 0.00 2.9978 0.00 4.63
5 P NGNS 2 1 269.17 217.58 51.58 323.17 105.58 105.58 6.00 78.55 73
5 P NGNS 2 2 197.58 171.58 26.00 233.25 61.67 61.67 6.45 79.50 73
5 P NGNS 2 3 245.00 178.00 67.00 319.92 141.92 141.92 5.70 77.80 81
5 P NGNS 2 4 227.17 179.50 47.67 309.42 129.92 129.92 6.13 80.25 81
6 P NGNS 4 1 258.25 206.92 51.33 319.17 112.25 112.25 6.19 80.55 82
6 P NGNS 4 2 256.75 206.00 50.75 315.08 109.08 109.08 6.22 80.30 82
6 P NGNS 4 3 235.83 186.33 49.50 316.33 130.00 130.00 6.03 79.85 78
6 P NGNS 4 4 236.75 185.25 51.50 314.00 128.75 128.75 6.00 79.85 78
7 P NGNS 16 1 236.08 194.92 41.17 277.25 82.33 82.33 6.26 81.75 83
7 P NGNS 16 2 239.67 200.75 38.92 279.67 78.92 78.92 6.29 81.40 83
7 P NGNS 16 3 227.25 181.25 46.00 253.92 72.67 72.67 6.29 81.85 82
7 P NGNS 16 4 225.08 180.25 44.83 251.25 71.00 71.00 6.16 81.20 82
8 P GNS 2 1 119.92 57.50 62.42 64.92 7.42 7.42 5.54 77.65 23
8 P GNS 2 2 122.58 58.42 64.17 65.50 7.08 7.08 5.47 76.25 23
8 P GNS 2 3 56.58 27.25 29.33 29.08 1.83 0.00 6.19 91.90 26.9
8 P GNS 2 4 56.25 26.08 30.17 28.25 2.17 0.00 6.26 92.35 26.9
9 P GNS 4 1 89.83 30.17 59.67 31.58 1.42 0.00 6.32 88.70 23.8
9 P GNS 4 2 90.50 30.00 60.50 32.00 2.00 0.00 6.29 88.80 23.8
9 P GNS 4 3 75.92 26.75 49.17 29.00 2.25 0.00 6.45 90.35 24.5
9 P GNS 4 4 74.67 25.83 48.83 27.33 1.50 0.00 6.62 90.60 24.5
10 P GNS 16 1 7.58 5.50 0.00 7.08 1.58 0.00 6.94 0.00 77.5
10 P GNS 16 2 8.58 6.83 0.00 8.33 1.50 0.00 6.94 0.00 77.5
10 P GNS 16 3 8.00 6.75 0.00 7.58 0.83 0.00 6.65 0.00 34.9
10 P GNS 16 4 9.17 8.08 0.00 8.67 0.58 0.00 6.84 0.00 34.9
11 P GS 2 1 21.9167 13.6667 7.5 21.8333 8.1667 8.17 3.7796 0 76.8
11 P GS 2 2 23.5 15.0833 7.3333 22.0833 7 7.00 3.8781 0 76.8
11 P GS 2 3 23.25 17 5.75 23.5 6.5 6.50 3.617 0 79.7
11 P GS 2 4 22.5833 16.9167 4.75 23 6.0833 6.08 3.78 0 79.7
12 P GS 4 1 13 10.5833 2.4167 13.25 2.6667 2.67 5.2785 0 68.6
12 P GS 4 2 11.75 8.5833 3.1667 11.0833 2.5 2.50 5.2793 0 68.6
12 P GS 4 3 12.5833 10.25 2.3333 13.75 3.5 3.50 5.5067 0 69.5
12 P GS 4 4 14 11.4167 2.5833 15.3333 3.9167 3.92 5.5404 0 69.5
13 P GS 16 1 8.5 7.8333 0 8.6667 0 0.00 6.8763 0 79.6
13 P GS 16 2 10.25 9 0 9.1667 0 0.00 6.68 0 79.6
13 P GS 16 3 7.3333 6.5 0 7.1667 0 0.00 6.7126 0 77.9
13 P GS 16 4 8.3333 7.4167 0 8.0833 0 0.00 6.8437 0 77.9
14 PT NGNS 2 1 23.92 3.00 20.92 3.92 0.00 0.00 3.88 80.60 50
14 PT NGNS 2 2 25.08 4.25 20.83 4.75 0.00 0.00 3.88 80.20 50
14 PT NGNS 2 3 11.50 3.25 8.25 4.00 0.00 0.00 3.78 81.40 54
14 PT NGNS 2 4 12.17 3.58 8.58 3.83 0.00 0.00 3.78 0.00 54
15 PT NGNS 4 1 13.25 4.00 9.25 4.58 0.58 0.00 4.01 0.00 43
15 PT NGNS 4 2 13.17 3.33 9.83 4.00 0.00 0.00 4.01 0.00 43
15 PT NGNS 4 3 21.33 3.75 17.58 4.58 0.00 0.00 3.94 81.40 43
15 PT NGNS 4 4 21.83 3.75 18.08 4.42 0.00 0.00 3.98 81.40 43
16 PT GS 2 1 6.4167 3.3333 0 3.9167 0 0.00 2.4111 0 13.5
16 PT GS 2 2 5.25 2.8333 0 3.25 0 0.00 2.4767 0 13.5
APPENDIX 5
RICE STARCH RAW RVA DATA 
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Treat Enz Gelstor Time Rep PV MV BKD FV SBK TSB TP PT FDSWt
17 PT GS 4 1 7.5833 6.0833 0 6.8333 0 0.00 6.5181 0 10.5
17 PT GS 4 2 4.9167 4.1667 0 4.4167 0 0.00 6.3874 0 10.5
18 1 5.75 4.4167 0 4.9167 0 0.00 2.2811 0 100
18 2 5.75 4.4167 0 4.9167 0 0.00 2.2811 0 100
19 1 200.0833 175.9167 24.1667 274.0833 98.1667 98.17 6.2896 81.35 100








Treat Enz GelStor Time Rep To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H
1 T NGNS 2 1 54.55 58.04 66.8 0.1337 70.52 75.67 96 4.307 96.8 104.19 118 0.3859
1 T NGNS 2 2 70.32 75.41 86.56 3.674 86.56 88.86 97.1 0.01291 97.1 107.06 116.5 0.3986
1 T NGNS 2 3 0 0 0 0 70.78 75.57 95 4.305 95.02 101.38 113.2 0.2962
1 T NGNS 2 4 0 0 0 0 70.97 76.16 89.3 3.478 115.22 115.49 129.5 25.37
2 T NGNS 4 1 77.43 80.98 89 1.057 91.18 92.63 96.84 0.1563 96.84 98.83 122.6 3.842
2 T NGNS 4 2 73.75 76.88 91.9 3.852 98.86 104.54 111.3 0.3019 120.25 127.57 137.8 0.1412
2 T NGNS 4 3 74 76.81 87.6 3.506 114.84 117.85 122 0.1184 122.02 124.8 130 0.08992
2 T NGNS 4 4 74.3 77.94 94.45 4.734 96.66 102.43 112.5 0.3403 125.52 125.58 133.4 0.1039
3 T NGNS 16 1 70.08 75.08 90.9 0.6148 91.28 100.45 115.1 0.6148 119.22 121.94 131 0.04855
3 T NGNS 16 2 78.87 82.01 93.6 3.738 118.4 120.41 127 16.13 127.92 128.6 137 14.8
3 T NGNS 16 3 78.76 81.17 93 3.17 96.12 102.36 11.5 0.4593 0 0 0 0
3 T NGNS 16 4 78.59 81.02 92.7 3.2 94.38 101.63 115.6 0.5946 0 0 0 0
4 T GNS 2 1 55.99 70.26 89.98 0.5549 94.14 114.62 130.4 0.5631 0 0 0 0
4 T GNS 2 2 55.84 68.83 89.1 0.5781 93.92 110.5 126.3 0.4089 0 0 0 0
4 T GNS 2 3 57.16 65.42 80.7 0.1682 95.54 109.11 123.4 0.3148 0 0 0 0
4 T GNS 2 4 0 0 0 0 100.06 107.16 124.1 0.2728 0 0 0 0
5 T GNS 4 1 0 0 0 0 0 0 0 0 0 0 0 0
5 T GNS 4 2 0 0 0 0 0 0 0 0 0 0 0 0
5 T GNS 4 3 0 0 0 0 94.44 110.5 120.3 0.3056 0 0 0 0
5 T GNS 4 4 61.95 66.45 83.2 0.08418 106.08 111.93 124.2 0.137 0 0 0 0
6 T GNS 16 1 50.34 55.15 76.8 0.4235 82.51 106.02 123.6 0.8344 0 0 0 0
6 T GNS 16 2 0 0 0 0 92.52 111.31 127.3 1.347 0 0 0 0
6 T GNS 16 3 0 0 0 0 93.15 103.72 113.1 0.1023 113.38 119.08 134.7 0.2775
6 T GNS 16 4 0 0 0 0 98.88 100.44 101.1 0.3936 114.25 122.38 137.2 0.8239
7 T GS 2 1 76.44 93.45 104.2 1.79 0 0 0 0 111.35 123.33 138 0.6519
7 T GS 2 2 0 0 0 0 96.94 99.63 107.8 1.517 107.81 110.23 117.8 0.2548
7 T GS 2 3 0 0 0 0 84.41 95.69 111.5 3.358 114.51 123.11 134.7 0.3412
7 T GS 2 4 77.02 90.68 108 2.485 112.57 114.15 118.88 0.04566 118.88 124.53 131 0.1485
8 T GS 4 1 0 0 0 0 0 0 0 0 110.14 118.29 125.6 0.2217
8 T GS 4 2 0 0 0 0 0 0 0 0 110.13 119.47 131 0.6423
8 T GS 4 3 0 0 0 0 0 0 0 0 109.61 118.45 126.5 0.3095
8 T GS 4 4 0 0 0 0 0 0 0 0 112.26 118.03 122 0.1973
9 T GS 16 1 0 0 0 0 107.1 123.82 136.4 1.651 0 0 0 0
9 T GS 16 2 0 0 0 0 102.86 125.3 138 2.373 0 0 0 0
9 T GS 16 3 69.66 74.25 84.4 0.08906 96.54 122.07 144.8 4.446 0 0 0 0
9 T GS 16 4 58.36 72.4 88.3 1.104 113.86 115.99 135 4.346 0 0 0 0
10 P NGNS 2 1 73.04 75.71 87.25 3.028 91.35 101.44 112.5 0.7059 117.75 119.94 123.8 0.08048
10 P NGNS 2 2 73.59 76.55 90 2.913 96.56 103.58 116.9 2.11 18.42 121.3 125.6 0.09119
10 P NGNS 2 3 68.51 74.54 90 4.105 94.21 104.09 113.6 0.5793 131.77 133.7 137 0.2607
10 P NGNS 2 4 68 74.36 89.8 5.799 94.76 102.59 109 0.2992 119.12 120.7 123 0.01171
11 P NGNS 4 1 0 0 0 0 90.71 102 114.5 0.7784 0 0 0 0
11 P NGNS 4 2 0 0 0 0 0 0 0 0 114.48 119.45 134 331.2
11 P NGNS 4 3 69.32 73.91 88.2 3.764 96 100.94 107.1 0.2605 119.37 121.01 127.3 0.01221
11 P NGNS 4 4 70.16 75.67 88.9 3.356 90.15 91.4 96 0.2593 0 0 0 0
12 P NGNS 16 1 70.34 75.43 87.5 3.776 93.3 101.81 111.4 0.4285 0 0 0 0
12 P NGNS 16 2 69.97 74.93 88.6 3.831 95.27 104.57 112.3 0.4491 121.98 124.43 127 0.03389
12 P NGNS 16 3 70.55 75.73 88.1 3.704 92.32 101.54 109.1 0.5963 0 0 0 0
12 P NGNS 16 4 70.36 75.19 88.2 3.982 93.37 102.53 111.6 0.4846 0 0 0 0
13 P GNS 2 1 0 0 0 0 94.96 104.01 115.8 2.725 119.18 121.86 132.4 0.4528
13 P GNS 2 2 0 0 0 0 88.21 104.15 114.4 2.21 118.07 121.11 127.5 0.2292
13 P GNS 2 3 0 0 0 0 87.76 104.05 114.6 1.72 118.21 121.29 127.3 0.2141
13 P GNS 2 4 0 0 0 0 89.79 104.37 113.2 1.526 117.82 120.73 127.6 0.2941
14 P GNS 4 1 0 0 0 0 85.89 104.32 114.6 2.476 118.81 121.83 132.6 0.4652
14 P GNS 4 2 0 0 0 0 86.92 104.16 116.1 2.46 119.03 122.26 128.3 0.2038
14 P GNS 4 3 0 0 0 0 89.85 105.07 116 1.864 119.07 122.23 130.8 0.3022
14 P GNS 4 4 0 0 0 0 89.85 105.07 115.9 1.864 119.07 122.23 130.2 0.3022
15 P GNS 16 1 54.81 64.18 76.7 0.2914 84.76 100.66 113.4 8.808 121.34 124.03 130.3 0.08703
15 P GNS 16 2 0 0 0 0 0 0 0 0 119.44 121.8 126.8 0.05163
15 P GNS 16 3 0 0 0 0 0 0 0 0 120.34 121.74 125.2 0.02013
15 P GNS 16 4 0 0 0 0 119.53 121.4 126 0.01841 128.92 131.26 133.3 0.01102
16 P GS 2 1 72.05 80.43 93.3 0.3394 97.69 104.98 113.7 0.3493 118.91 122.64 127.5 0.04533
16 P GS 2 2 78.21 86.38 97.1 0.2666 99.66 104.5 107.26 0.08199 120.01 122.83 125.1 0.0257
16 P GS 2 3 72.34 79.82 92.4 0.1251 96.37 104.6 113.7 0.401 117.74 122.14 127 0.106
16 P GS 2 4 69.8 78.76 88.2 0.1158 94.21 103.58 112.4 0.4441 118.24 121.03 124.6 0.01768
17 P GS 4 1 59.99 76.71 97 1.923 97.5 104.94 112.3 0.3576 119.53 121.14 124.2 0.0141
17 P GS 4 2 57.64 74.37 97.5 2.111 99.03 105.74 112.9 0.2816 119.84 121.5 125 0.01882
17 P GS 4 3 66.47 82.29 96.6 0.4426 98.22 104.94 113.1 0.3134 120.62 121.67 124.2 0.01265
17 P GS 4 4 66.91 83.15 95.8 0.461 99.4 105.86 113.5 0.3115 120.4 122.59 126.1 0.03245
18 P GS 16 1 66 81.12 95.7 0.5394 95.84 103.62 110.4 0.4079 117.42 129.52 135.3 0.1513
18 P GS 16 2 61.89 67.19 75.2 0.2535 96.66 104.01 109.8 0.2823 120.52 120.58 131.1 0.2173
18 P GS 16 3 0 0 0 0 105.75 125.03 133 568.7 0 0 0 0
18 P GS 16 4 0 0 0 0 100.56 113.74 130.3 147.9 0 0 0 0
19 PT NGNS 2 1 72.93 77.17 94.6 3.337 104.53 107.2 117.1 0.3709 117.67 119.38 122.6 0.0179
19 PT NGNS 2 2 72.46 76.98 93 3.658 97.05 100.39 106 0.08339 110.7 111.5 118.6 0.2561
19 PT NGNS 2 3 72.31 76.53 90.3 3.243 94.26 100.28 104.7 0.1728 0 0 0 0
19 PT NGNS 2 4 72.46 76.98 93.4 3.658 97.05 100.39 106.1 0.08339 106.72 108.03 109.8 0.01119
20 PT NGNS 4 1 74.27 77.35 87 3.154 89.17 90.09 94.04 0.1857 96.59 97.97 106.6 0.7539
20 PT NGNS 4 2 73.92 77.17 92.1 3.871 92.42 99.32 106 0.3018 0 0 0 0
20 PT NGNS 4 3 73.99 77.6 93.5 3.247 101.85 104.55 112.3 0.2641 0 0 0 0
20 PT NGNS 4 4 75.75 77.06 90.6 8.798 104.62 106.64 113.4 8.115 131.46 133.52 138 0.8623
21 PT NGNS 16 1 63.51 72.6 87 0.1861 0 0 0 0 111.72 117.44 128.1 0.1465
21 PT NGNS 16 2 62.15 76.83 83.4 0.2124 0 0 0 0 125.93 126.49 132.6 0.01331
21 PT NGNS 16 3 62.25 69.16 75.1 0.04023 91.09 94.49 105 0.1694 0 0 0 0
21 PT NGNS 16 4 0 0 0 0 111.29 111.55 121.5 0.1853 121.56 121.71 128.1 0.1264
APPENDIX 6
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Treat Enz GelStor Time Rep To Tp TC ∆H To Tp TC ∆H To Tp TC ∆H
22 PT GNS 2 1 0 0 0 0 0 0 0 0 0 0 0 0
22 PT GNS 2 2 0 0 0 0 0 0 0 0 0 0 0 0
22 PT GNS 2 3 63.74 78.47 96.4 1.939 106.01 115.66 122.2 0.1315 0 0 0 0
22 PT GNS 2 4 57.89 77.78 96.6 1.894 104.81 111.83 121.9 0.1542 0 0 0 0
23 PT GNS 4 1 0 0 0 0 0 0 0 0 106.34 122.71 137.3 0.5198
23 PT GNS 4 2 73.23 75.61 86.7 0.09563 0 0 0 0 122.37 129.71 135.7 0.0993
23 PT GNS 4 3 0 0 0 0 0 0 0 0 0 0 0 0
23 PT GNS 4 4 0 0 0 0 0 0 0 0 0 0 0 0
24 PT GNS 16 1 58.77 65.62 70.8 0.1187 102.88 105.87 109.9 0.03456 116.54 120.11 127.8 0.1046
24 PT GNS 16 2 65.85 76.05 90 1.163 96.64 99.71 109.1 0.2358 124.97 127.17 136.8 0.676
24 PT GNS 16 3 64.2 79.24 90.21 1.199 101.08 119.68 128.23 0.4032 0 0 0 0
24 PT GNS 16 4 65.79 77.12 89.6 0.4273 92.37 98.39 105.4 0.08272 108.73 120.27 129.2 0.3264
25 PT GS 2 1 72.69 78.11 88.2 0.3436 91.91 94.76 101.5 0.1936 114.33 121.13 127.1 0.1841
25 PT GS 2 2 0 0 0 0 68.79 88.89 107.1 2.861 111.51 120.58 130 0.3255
25 PT GS 2 3 0 0 0 0 94.11 97.16 107.2 0.1707 126.36 127.88 137 0.6005
25 PT GS 2 4 0 0 0 0 82.26 93.08 103.8 1.128 0 0 0 0
26 PT GS 4 1 0 0 0 0 104.4 104.5 107.5 9.654 121.22 124.04 132 0.09827
26 PT GS 4 2 0 0 0 0 109.3 110.84 128 34.07 0 0 0 0
26 PT GS 4 3 61.19 64.74 72 0.1289 76.78 84.99 113.4 2.665 115.93 125.61 133.7 0.2258
26 PT GS 4 4 0 0 0 0 90.01 93.47 98.1 1.432 104.93 115.94 133.7 2.674
27 PT GS 16 1 0 0 0 0 100.61 104.71 117.9 5.005 121.88 125.84 128.75 0.4376
27 PT GS 16 2 0 0 0 0 81.31 93.14 99.8 0.6341 101.83 103.93 111.25 0.1497
27 PT GS 16 3 68.23 68.7 79.5 11.41 85.71 91.96 97.1 8.379 102.4 115.15 133.6 29.9
27 PT GS 16 4 0 0 0 0 86.59 100.92 115.6 11.51 0 0 0 0
28 1 0 0 0 0 0 0 0 0 101.16 118.51 132.5 3.685
28 2 0 0 0 0 0 0 0 0 101.16 118.51 132.5 3.685
29 1 68.8 73.26 83.6 2.987 89.78 97.44 116.2 0.4502 112.38 115.79 121.3 0.1235
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APPENDIX 7 








proc sort; by enz; 
proc means mean std n maxdec=2; by enz; 
var RSYield TrueYld FDSWt;   
proc anova; by enz; 
class treat; 
model RSYield TrueYld FDSWt = treat; 









input Treat enz $ gelstore $ hour $ Rep  PV MV BKD FV SBK TSB PTime PT FDSWt;  
datalines; 
;  
proc sort; by enz; 
proc means mean std n maxdec=2; by enz; 
var PV MV BKD FV SBK TSB PTime PT FDSWt;  
proc anova; by enz; 
class treat; 
model PKTemp MV Breakdown FV SBK TSB PTime PT FDSWt = treat; 











input Treat enz $ gelstore $ hour $ Rep  BP1 Pktmp1 EndPeak1 Enthal1 BP2 Pktmp2 EndPeak2 
Enthal2 BP3 Pktmp3 EndPeak3 Enthal3; 
datalines; 
;  
proc sort; by enz; 
proc means mean std n maxdec=2; by enz; 
var BP1 Pktmp1 EndPeak1 Enthal1 BP2 Pktmp2 EndPeak2 Enthal2 BP3 Pktmp3 EndPeak3 
Enthal3;proc anova; by enz; 
class treat; 
model BP1 Pktmp1 EndPeak1 Enthal1 BP2 Pktmp2 EndPeak2 Enthal2 BP3 Pktmp3 EndPeak3 
Enthal3;= treat; 
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